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This book is an outgrowth of a course in general limnology given by 
the author at the University of Mix>higan during the past sixteen years. 
It has been a pioneering venture accompanied by all the difficulties 
characteristic of any attempt to compose a book of general scope in a 
new field. In the older and better developed fields of biology, writers of 
textbooks profit much from the efforts, judgments, and experiences of 
previous authors, but the author of this book has been compelled to 
steer his enterprise largely unaided through the voluminous and widely 
scattered research literature. So numerous are the gaps and incom- 
plete data in present-day limnological knowledge that many serious 
difficulties in the choice, treatment, and integration of materials were 
unavoidable. Therefore the author cannot hope that his selection and 
treatment of materials will meet the unqualified approval of all limnolo- 
gists. He does believe, however, that most of the important features 
of the subject, as it now exists, have been included; also that useful and 
reasonably well-grounded materials are presented. 

In this book, the term limnology” has been used in its broadest 
sense, i.e., to include all forms of inland waters, running or standing. 
More space is given to the standing-water series, but merely because 
lakes have received much more attention than have the running waters 
and more mature information is available. 

The authoi* has drawn freely from the contributions of the great 
host of investigators. Many authorities are mentioned specifically in 
(he text, but it was obviously impracticable to cite the authority for all 
materials used. The bibliography will indicate many of the sources of 
information. Original data resulting from the researches of the author, 
his graduate students, and his associates have been woven into most 
sections of the book. 

The desirability of an approach to the subject matter of limnology 
through introductory consideration of the principal physical and chemical 
factors operative in natural, unmodified waters has been demonstrated 
in the teaching experience of the author. Certain facts of physics and 
chemistry, particularly those pertinent to limnology, must be clearly 
in mind before the biological phenomena which involve them can be 
studied. These facts need to be reviewed and given a limnological 
bearing before the student is in a satisfactory position to undertake an 
examination of the biological superstructure which rests upon them. The 
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early chapters of this volume have been written to comply with these 
needs. 

This book is constructed on the general assumption that the reader 
has a background of training in physics, chemistry, botany, and zoology. 
It is intended, for the most part, to meet the needs of senior and graduate 
students. 

Materials relating to limnological methods and practices have been 
omitted, since it was felt that they belong more properly in a book of 
directions for field and laboratory work. The author has such a field and 
laboratory guide in preparation. 

The constant and rapid appearance of new research literature has 
continually necessitated revisions and alterations in the manuscript. 
It is a matter of much regret to the author that even if this treatise was 
up to date when it went to press it could not be so by the time it reached 
publication. A few outstanding works of very recent date have been 
taken into account by additions and revisions in the proofs. 

The author wishes to express his indebtedness to the following persons, 
who have read the portions of the manust^ript indicated, for their valuable 
suggestions and criticisms; to Professor Frank E. F.ggleton, University of 
Michigan, Chaps. I to IV inclusive and (Uiap. XlJl ; to Professor (^haun- 
cey Juday, University of Wisconsin, C'haps. IV to VII inclusive, also a 
general examination of the whole manuscript; to Professors H. H. Bartlett 
and J. H. Ehlers, University of Michigan, (-hap. XI; to Professor G. E. 
Nichols, Yale University, Chap. XVI; to Professor F. C. Gates, Kansas 
State College, Chap. XVI; to Professor Will Scott, University of Indiana, 
Chap. XVII; to Professor H. W. Emerson, University of Michigan, por- 
tion of Chap. X; to Dean E. B. Fred, University of Wisconsin, for sug- 
gestions relating to Chap. X; and to Dr. Marie Cimini Susskind for a 
general reading of certain portions of the manuscript. 

For permission to reproduce illustrations acknowledgment is due to 
Dean 11. N. Chapman, University of Hawaii, and to Professor J. G. 
Needham, Cornell University. Similar acknowledgment is also due to 
Charles C. Thomas, Publisher, Springfield, III. 

For permission to quote or otherwise use copyrighted material acknowd- 
edgment is due to Professor H. S. Jennings, Johns Hopkins University; 
Professor Edwin C. Miller, Kansas State College; the late Dr. Einar 
Naumann, Lunds Universitets Limnologiska Institution, Sweden; and 
Professors V. E. Shelf ord and H. B. Ward, University of Illinois. Similar 
acknowledgment is also due to Edward Arnold & Company, Publishers, 
London; (Cambridge University Press, Cambridge, England; the Chemical 
Rubber Company, Cleveland, Ohio; Urban & Schwarzenberg, Berlin, 
Germany; John Wiley & Sons, Inc., New York ; and The Williams & Wil- 
kins Company, Baltimore, Md. 



PREFACE TO THE FIRST EDITION 


IX 


For permission to use certain unpublished material, the author is 
indebted to Dr. W. C. Gorham, formerly of the University of Michigan, 
and Professor H. B. Baker, University of Pennsylvania. 

The author is indebted to many of his colleagues, associates, and 
former graduate students who have given assistance in various ways 
during the building of the manuscript; also to Eva Grace Welch for 
general criticism of the manuscript and for assistance in the construction 
of the index. 
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CHAPTER I 


INTRODUCTION 

A satisfactory understanding of aquatic life requires a knowledge not 
only of the organisms themselves but also of those external influences 
which directly or indirectly affect them. A suitable environment is 
necessary for any organism, since life depends upon the continuance of a 
proper exchange of essential substances and energies between the organ- 
ism and its surroundings. That subdivision of biology which has as its 
special province the study of interrelations between organisms and their 
environments is commonly known as ecology. Certain other terms, e.g., 
natural history , hexiology, biology, bionomics, and ethology, have occasion- 
ally been used as names for the same or a roughly similar field. In fact, 
there is evidence that the term ethology antedates the term ecology, but 
the latter has almost universal adoption and will doubtless continue to be 
the accepted designation. 

The definition of ecology is expressed in various ways, but one feature 
is common to all, viz., that the interrelations existing between organisms 
and their environments are the principal concern of the subject. Shelf ord 
(1929) proposed that ecology should be defined as the science of communi- 
ties, The effect of such a revision is to appear to exclude from the 
province of ecology certain biological relations heretofore included, such 
as those of a single species to its environment (autecology; individual 
ecology). Whether or not this conception becomes the accepted one the 
future alone will determine. Owing to the great difficulty of making 
any study of a single organism in relation to its native habitat without 
involving the organic community of which it is a part., there seem to be 
grounds for retaining the older definition, at least for the present. 

The term environment implies space on, below, or above the surface of 
the earth. The earth is divisible into (1) the lithosphere, which com- 
prises the land masses; and (2) the hydrosphere, which includes the oceans, 
lakes, streams, and subterranean watera. Upon the hydrosphere is based 
the science known as hydrography, HydrograjShy may be subdivided 
into oceanography, which is concerned with the great masses of salt water; 
and limnology, which includes, in its broader usage, the various bodies 
and systems of inland waters (usually fresh water). While there are 
several important differences between the fresh and marine waters other 
than mere extent of surface and mass, oceanography and limnology have 
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many things in common, and advances in either field often figure promi- 
nently in the progress of the other. 

OCEANOGRAPHY 

As an organized, integrated body of knowledge, oceanography is a 
distinctly modern subject. Its beginnings, traceable into the very remote 
past, arose as additions to knowledge gained incidentally in connection 
with various voyages, expeditions, and miscellaneous observations by 
ancient seagoers. Even after men began to study the seas for their own 
sake, there was a long period of time during which the activities were 
little more than occasional and often random explorations actuated by a 
desire to learn something about the nature of the great, mysterious 
expanse of unknown waters; rarely were they strictly scientific in charac- 
ter. In the meantime, the various sciences — chemistry, physics, geology, 
and biology — were passing through a period of great development, 
ultimately advancing to the place where their methods and results could 
be effectively used in unfolding complex phenomena of nature. Because 
of its character, oceanography could not progress very far until other 
sciences had provided means of investigating the multitude of intricate 
ocean phenomena. The advent of modern scientific methods and their 
application to problems of the sea put oceanography on a new and 
scientific basis. The whole story has been summarized in the following 
quotation:^ 

Thus, in this brief story of the growth of knowledge of the oceans, we have 
first the ancient explorers and writers up to th(i time of Ptolemy (about 150 
A.D.), then the great age of geographical discovery at the end of the fifteenth and 
beginning of the sixteenth century, and finally the modern expeditions begin- 
ning with Cook's voyages of 150 years ago and extending up to the present 
time. . . . Cook and his immediate successors bring us to about the end of the 
eighteenth century, and we may conveniently group the advances in knowledge 
of the science of the sea during the nineteenth century in three periods — the 
period of Edward Forbes, the great Manx naturalist; the period of Wyville 
Thomson, ending with its climax, the Challenger expedition; and the post- 
Challenger period of Sir John Murray and modern oceanography, which brings 
us practically to the methods and knowledge of today. 

LIMNOLOGY 

History 

Limnology, as a distinct field of science, has existed less than 60 years. 
Beginnings of knowledge concerning fresh-water life, like those of marine 
life, arose in the remote past, possibly before the days of Aristotle (384- 

^ From Herdacan, “ Founders of Oceanography and Their Work," Edward Arnold 
and Co., 1923. 
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322 B.c.)* These early beginnings, often strange mixtures of fact and 
fancy, have little or no scientific value. As time went on and man’s 
knowledge of his surroundings slowly increased, certain conspicuous 
fresh-water phenomena were observed and recorded in simple fashion, 
often with increasing accuracy. The whole story is really that of the rise 
of biological science in the substance of which the roots of future sub- 
divisions of biology were present but undifferentiated. However, aside 
from the historical interest involved, no significant contributions of a 
strictly limnological nature were made for at least nineteen hundred years 
after the time of Aristotle, although, as pointed out by some writers, 
certain facts relating to the habits of fishes, emergences of aquatic insects, 
aquatic plants, and other similar, easily observable phenomena had been 
described. Additions to knowledge were, however, in the nature of more 
or less isolated accumulations of unrelated observations, few of which the 
modem limnologist can utilize in other than historical ways. 

Invention of the Microscope. The profound influence of the invention 
of the microscope on the rise of biology in general is well known. This 
event was one of the most, if not the most, significant development in the 
early history of man’s knowledge of aquatic life, since it not only opened 
the door to the whole world of microscopic organisms but also provided a 
new and effective means of studying the various higher types of life in 
water. The early story of the microscope is an incomplete one. The 
identity of the first maker of lenses, the inventor of the first compound 
microscope - these and other related matters are obscure. It is said that 
the science of optics began with the writings of Euclid (about 300 b.c.). 
Ultimately, the relation of light rays to mirrors crept into this science, 
and, in time, the magnifying quality of a simple lens was discovered. 
The first magnifying devi(;es were exceedingly crude and ineffective, but 
they gradually underwent an improvement which was accompanied by 
increasing interest in the world of minute things. Familiarity with 
lenses led to the invention of the compound mi(jroscope during the last 
years of the sixteenth century. The stimulating effect of this invention 
can scarcely be overestimated. Anton van Ijeeuwenhoek (1632-1723) 
described for the first time minute organisms in water. The first classi- 
fication of microscopic organisms of consequence was by a Danish biolo- 
gist, Otto Friedrich Mtiller, in 1786, in his great pioneering work ‘‘Ani- 
malcula Infusoria Fluviatilia et Marina.” Then, in 1838, Ehrenberg 
published his famous treatise on ‘‘The Infusion Animalcules as Complete 
Organisms,” a volume which marks the beginning of those great advances 
in knowledge which occurred during the following century. Further 
details of this early history must be omitted here. 

Influence of Marine Zoology. In the meantime, zoologists had become 
attracted by the richness and diversity of the marine fauna, and while 
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there was a growing investigation of fresh waters, such work was greatly 
overshadowed by the progress in marine zoology during most of the 
nineteenth century. However, this was not without gain to fresh-water 
biology, since the development of methods of study and an increase in 
biological knowledge in general aided indirectly but materially the later 
advances of limnology. Oceanography likewise began to take on more 
definite form, and its gain also (jontributed indirectly to the progress of 
limnology at a later time, since marine and fresh-water biotas have many 
features in common. 

Discovery of Plankton. After the advent of the microscope, the next 
great stimulus to aquatic investigation was the discovery of plankton. 
While the knowledge that microscopic organisms live in water extends 
back at least to Leeuwenhoek, that vast, heterogeneous group of sus- 
pended, drifting, microscopic organisms which inhabits both fresh and 
salt waters was not found until much later. It does not seem to be clear 
who should be credited with the discovery of plankton. Needham and 
Lloyd (1930) attribute it to Liljeborg and Sars, who found it 

... by drawing fine nets through the waters of the Baltic. They found a whole 
fauna and flora, mostly microscopic — a well-adjusted society of organisms, with 
its producing class of synthetic plant forms and its consuming class of animals; 
and among the animals, all the usual social groups, herbivores and carnivores, 
parasites and scavengers. 

About 1845, Johannes Muller and several of his pupils began the study 
of plankton in the North Sea near Helgoland, using a very fine net so 
effectively that such nets came rapidly into use. Later, another worker, 
Peter Erasmus Muller, discovered micro-Crustacea in the waters of 
cert^ain Swiss lakes, thereby dispelling the previously held idea that clear 
lakes were devoid of mi(;roscopic life. It was not until later, however, 
that a definite name was given to this mass of drifting microscopic life. 
In 1887, Henson proposed the term plankton to include all the minute 
animals, plants, and debris which are suspended in natural waters. Sub- 
sequently, Haeckel used it in a broader sense, including as plankton 
pelagic life of all kinds, large or small. However, Hensen’s use of the 
term has become practically universal. As a result of the discovery 
of plankton, the last part of the nineteenth and the first decade of the 
twentieth century became a very active period in its study. 

Development of Limnology. While Peter Erasmus Muller is some- 
times credited with laying the foundation of limnological research by his 
plankton discoveries in fresh water, and while it appears that Anton 
Fritsch began lacustrine investigations in the Bohemian Forest as early 
as 1871, it remained for F. A. Forel (1841-1912), a professor in the 
University of Lausanne, Switzerland, to recognize the real biological 
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opportunity in lake investigations and, by his work, to become the 
founder of modem limnology. Since his contributions occupy such a 
significant place in the history of limnology, some of the principal ones 
will be mentioned. In 1869 appeared his ^‘Instruction k T^tude de la 
fauna profonde du Lac L^man"; in 1874-1879, “Mat^riaux pour servir k 
r4tude de la fauna profonde du L6man’^; in 1892-1904, he published 
his monumental and epoch-making work “Le L6man. Monographic 
limnologique,” in three volumes, which was not only the first comprehen- 
sive limnological treatise but which also opened up a whole new field of 
biological research. In 1885 appeared his “La fauna profonde des lacs 
Suisses” for which he was awarded a prize. Then, in 1901, he published 
the “Handbuch der Seenkunde. Allgemeine Limnologie,'' a book of 249 
pa^s which is the first general presentation of limnology from the modern 
standpoint. In fact, it might well be termed the first textbook of limnol- 
ogy. In brief, limnology is indebted to Forel for the first knowledge 
concerning the profundal fauna of fresh-water lakes, for the first program 
for limnological investigations of such waters, and for the execution of 
such a program, resulting in “Le Ldman’^ which was long a model for 
subsequent work. His “Programm fiir limnologische Untersuchungen^' 
appears in summarized form in the appendix of the “Handbuch” and 
indicates how comprehensive was his vision of limnology and how com- 
plete was his anticipation of the future of this subject. His contributions 
were numerous. Chumley (1910) listed 116 limnological papers pub- 
lished by Forel during the period 1868-1909. 

It has been contended that F. Simony should be regarded as the 
founder of limnology because he was said to be the first to discover (about 
1850) thermal stratification. Important as that discovery was, it is far 
from being of the same magnitude as the accomplishments of Forel. 

Among other things, Forel's work led to the formation, in 1887, as a 
part of the Swiss Natural History Society, of a Limnological Commission 
in Switzerland which promoted limnological work in a substantial way. 
Later (1890), an International Commission was established. The 
impetus to fresh-water investigation began to be felt in both Europe and 
and America, quickly manifesting itself in the establishment of fresh-water 
biological stations. Only brief mention of the principal centers of this 
movement will be made. 

In 1888, Professor Anton Fritsch established in the Bohemian Forest 
the first fresh-water biological station, a portable laboratory which was 
moved about to different lakes. Another pioneer station which had a 
productive history down to the present time was founded in 1891 at Plon, 
Germany, by 0. Zacharias. Then followed soon thereafter the establish- 
ment of fresh-water stations in Germany, France, Norway, Sweden, 
Switzerland, Denmark, Austria, Italy, Scotland, Russia, Finland, 
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Belgium, and the United States. From these early fresh-water stations 
and from workers not directly associated with stations came a rapidly 
increasing number of contributions. For a period of time, much of the 
work clung to the traditional approaches to fresh-water biology rather 
than to the avenues opened by Forel; nevertheless, it yielded a mass of 
information which later added materially to the early groundwork of 
modem limnology. Adequate discussion of the growth of the subject 
during the period of about 1890-1910 requires more space than is avail- 
able here. However, special attention should be called to the following 
investigations which had their inception during this period: (1) the work 
of Zschokke and his associates on the alpine lakes of Switzerland; (2) the 
work of Sir John Murray and his associates which resulted in the publica- 
tion of the extensive six-volume “Bathymetrical Survey of the Scottish 
Fresh-water Lochs (3) the Plankton Expedition of Victor Hensen to 
the North Atlantic Ocean in connection with which certain improved 
plankton methods were used; (4) the work of Apstein on the plankton of 
the Holstein lakes; (5) the investigations of Wesenberg-Lund and his 
students on Danish lakes; (6) the investigations of Woltereck and his 
students, first at the Biological Station at Lunz, Austria, and later in 
connection with the University of Leipzig; (7) the researches of Reighard 
and Ward and their coworkers on certain portions of the Great Lakes in 
North America; and (8) the work of Birge and Juday and co workers on 
the inland lakes of Wisconsin. 

Progress in the limnological field since about 1910, particularly since 
1918, has been rapid and far-reaching; also, during that period, limnology 
became more completely an integrated, coherent branch of science. 

Early Fresh-water Investigations in America* Previous to about 1870, 
the innumerable American lakes, including the Great Lakes, were little 
known biologically save for a few general facts and su(5h fragmentary 
information as resulted from fishing activities, observations of explorers, 
and the more or less random collections which found their way into the 
hands of biologists whose interests were, for the most part, taxonomic. 

Scattered, pioneer accounts of the biology of the Great I^akes appeared 
from time to time during the first three-fourths of the nineteenth century, 
and they, together with less important, primitive records made during 
the previous century, constitute the remote beginnings of our knowledge. 
As might be expected, the more substantial of these early efforts were 
concerned with the fishes. The volume by Louis Agassiz (1850) on 
“Lake Superior: Its Physical Character, Vegetation, and Animals'' con- 
tains, among other things, 131 pages dealing with the fishes of that lake. 
In 1870, Stimson published a short account of the deep-water fauna of 
Lake Michigan. Smith and Verrill (1871) made deep-water dredgings in 
Lake Superior and published on the mvertebrates collected. Milner 
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(1874) published an extensive account of the fisheries of the Great Lakes. 
Nothing more of consequence was attempted until about 1894. In 1886, 
the Allis Lake Laboratory, a privately supported institution and said to 
be the first fresh-water biological station in America, was established at 
Milwaukee, Wisconsin, but its life was brief, and none of its work was 
concerned with the general biology of the Great Lakes. 

In the meantime, interested workers were giving attention to some of 
the smaller inland lakes. Forbes made a study of certain high lakes of 
the Rocky Mountains, results of which were published in 1893 and which 
for a long time constituted the only biological information concerning 
lakes in western United States. During the decade of 1890-1900, four 
fresh-water biological stations were founded, viz., by the University of 
Minnesota at Gull Lake, Minnesota, 1893; by the University of Illinois 
on the Illinois River, 1894; by the University of Indiana at Turkey Lake, 
Indiana, 1895; and by the University of Montana on Flathead Lake, 
Montana, 1899. Early work was also done by Birge and Marsh on 
Wisconsin lakes, by Whipple in the New England states, by Reighard 
in Michigan, and by others. In 1893, work was again undertaken on the 
Great Lakes by a party, maintained by the Michigan Fish Commission, 
of about one-half dozen men under the direction of Prof. J. E. Reighard. 
Tjake St. (/lair was the seat of the work, and a series of reports resulted. 
The work of the following year was conducted by a similar party directed 
by Prof. H. B. Ward on Lake Michigan in the region of Charlevoix, 
Michigan, and a second series of reports was published. Unfortunately, 
this program, so well begun, was interrupted, and work of a strictly 
limnological sort on the Great Lakes vanished until 1928 when a coopera- 
tive survey of Lake Erie was undertaken under the joint auspices of 
the U.S. Bureau of Fisheries, the New York State Conservation Depart- 
ment, the Ontario Department of Game and Fisheries, the Health 
Department of the City of Buffalo, the Buffalo Society of Natural 
Sciences, and the Ohio Department of Game and Fisheries. Two 
reports (Fish, 1929) have appeared. 

The stimuli of scientific interest and of the necessities of public health 
brought about the initiation of systematic surveys of water supplies 
and of water systems in general, the Massachusetts State Board of Health 
taking the lead in about 1887. Subsequently, similar work was under- 
taken by various municipal and government departments, all of which 
contributed, directly and indirectly, to the sum total of limnological 
information. 

The last five decades have witnessed a striking growth of limnological 
accomplishment in America. The researches of Kofoid on the Illinois 
River, of Birge and Juday on Wisconsin lakes, of Needham on New York 
lakes, and of many other investigators who worked during this formativo 
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period did much to lay a foundation for American limnology. Phenom- 
enal progress of the general subject of ecology inevitably had a construc- 
tive influence on limnology; and, because of its many ramifications, 
limnology has likewise profited from simultaneous advances of other 
sciences. 


Definition of Limnology 

Limnology is now commonly defined as that branch of science which deals 
•with biological productivity of inland waters and with all the causal influences 
which determine it. 

Biological productivity, as used in this definition, includes its qualitative 
and quantitative features and its actual and potential aspects. Under 
the term inland waters are included all kinds or types of water — ^running 
or standing; fresh, salt, or other physicochemical composition — which are 
wholly or almost completely included within the land masses. Causal 
influences involve those various factors — physical, chemical, biological, 
meteorological, et al. — ^which determine the character and quantity of 
biological production. 

Limnology is essentially a synthetic science composed of elements some 
of which extend beyond the limits of biology as ordinarily conceived. It 
is primarily ecological in its bearing. It depends upon the proper applica- 
tion and integration of certain facts, principles, and methods of chemistry, 
physics, geology, hydrography, meteorology, and others, to the solution 
of problems which are, in the end, biological in nature. Biological pro- 
ductivity is the central, unifying feature which ties the whole subject into 
a coherent, orderly, organized field. Necessary stress on the different 
plant and animal communities is not precluded since they are the direct 
result of the biologi(?al productivity of waters which they occupy. Inland 
waters differ to a striking degree in the quality and quantity of life which 
they contain. To understand the natural circumstances responsible for 
this tremendous difference in such waters and to identify and evaluate 
the influences which govern a particuilar form of productivity are the aim 
and province of modern limnology. 

Older Terms and Usages. Historically, the term limnology was used 
as the name for that branch of science whi(!h dealt exclusively with lakes 
and the companion term rheology was employed for the running-water 
series. The term rheology should be eliminated from limnological termi- 
nology since it is now an established name for an entirely different field, 
viz., the study of flow or deformity of plastic and very viscous substances 
such as oils, paints, lacquers and similar materials. 

In the past, certain terms were used loosely as more or less equivalent 
to the term limnology, viz., hydrobiology, fresh-water biology, aquatic 
biology, aquatic ecology, and limnobiology. Most of them were names 
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under which a wide variety of subject matter was included, only part of 
which may have been limnological in nature. Such terms, if they are to 
be retained at all, should be used exclusively for such aquatic floristic- 
faunistic studies as seem desirable under special circumstances. 

Formerly, the term Umnography had a limited use, sometimes appar- 
ently as an equivalent for limnology. It has practically vanished from 
limnological literature. 



CHAPTER n 


INLAND WATERS 

Extent of Inland Waters. When compared with the total expanse of 
oceans and seas, the inland waters of the globe seem insignificant. How- 
ever, such a comparison is misleading when stated in that way because of 
the magnitude of marine waters, occupying as they do roughly three- 
fourths of the earth’s surface. A more satisfactory appreciation of the 
expanse of inland waters results from a comparison with the area of land 
surfaces which surround them. Unfortunately, such a comparison is 
very difficult to make, owing to the absence of sufficient information as 
to the areas occupied by inland waters. Definite information on number 
and areas of the North American lakes is lacking for so many regions of 
the continent that only a very rough estimate is possible. It appears 
that the number of lakes in North America must be not less than 40,000 
and the combined area must exceed 225,000 sq. miles. This area is 
approximately 0.02 of the area of the whole continent. For example, 
the lakes of Michigan, of which there are about 11,000 (ponds included), 
have an area of 1,137 sq. miles (Brown, 1943), roughly 0.02 of the area of 
the state, while the vast- array of lakes in Minnesota is said to exceed 
5,000 sq. miles in total area. In addition, there are the numerous units 
of the running-water series (brooks, creeks, rivers) Avhose combined area 
of exposed water is of no small magnitude but on which dependable data 
are lacking at the present time. Certain it is that on all continents, par- 
ticularly North America and Europe, the combined area of the various 
waters, running and standing, comprises a larger portion of the total area 
than is usually appreciated. 

The amount of water beneath the surface of the land is very great, 
although the actual quantity is not known. It has been stated that, if 
the entire amount of underground water were accumulated at the surface 
of the land, it would form a layer whose depth has been variously esti- 
mated at 29 to 914 m. Unfortunately, these estimates differ so widely 
that they are of slight value. Some underground waters, especially 
subterranean streams and basins, are normal environments for certain 
aquatic organisms and must be taken into account in considering the 
various aquatic habitats of the earth. A general work dealing with 
underground waters from the limnological standpoint is that of Chappius 
(1927). 

Distribution of Inland Waters. With certain minor exceptions, all land 
areas have at least a small amount of inland water. Some regions are 
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very generously supplied with lakes and streams, particularly those 
regions once subjected to ancient glaciation. Canada and northern United 
States possess an immense supply of lakes, among them the Great Lakes, 
which constitute the greatest body of fresh water on the globe. Portions 
of Europe are also noted for their generous supply of lakes and streams. 
In certain regions, disappearance of inland waters during the dry season 
forms the basis for special biological phenomena resulting from the 
intermittent character of the environments. 

Lotic Environments (Running-water Series). Under the designation 
of lotk environments, or an older equivalent expression the running-water 
series, are included all forms of inland waters in which the entire body of 
water moves continuously in a definite direction. Stated genetically, 
it is the brook creek river series. Expressed in this way, the sequence 
of changes is indicated through which, in the past, a river grew out of a 
mere rivulet on the primitive, undissected land surface by continued 
erosion. 

Lentic Environments (Standing-water Series). The lentic environ- 
ments (lenitic or static of some authors), sometimes known as the standing- 
water series, include all formvS of inland water (lakes, ponds, swamps, and 
their various intergrades) in which the water motion is not tliat of a con- 
tinuous flow in a definite direction. Essentially, the water is standing, 
although a certain amount of water movement may occur such as wave 
action, internal currents, or flowage in the vicinity of inlets and outlets. 
The genetic, sequence of these units is as expressed above, viz., lake — > 
'pond — > swamp. 

Dynamics of Lotic and Lentic Environments. Certain progressive, 
predictable changes occur in all units of both the lotic and the lentic 
series. These are the changes which are inevitable, although the time 
required may vary greatly in different units of the same series. In the 
lotic series, the tiny rivulet gradually deepens, widens its bed, and cuts 
back at its head, thus in time extending its length and increasing its 
cross section to that size which justifies the designation of brook. This 
process continues by the same general type of action, ultimately produc- 
ing a creek and then finally a river, with all of the intergrading conditions 
produ(‘ed in such a gradual transformation. However, at the far reaches 
of the river thus produced are its earlier evolutionary stages — creeks, 
brooks, and rivulets — ^in the evolutionary sequence but in a continually 
changing position, moving upstream until halted 6y some circumstance, 
such as the arrival at, or the cutting through, a drainage divide. A 
migration of environments is the direct result of this evolution. Head- 
water conditions migrate farther and farther inland, followed in succession 
by environments characteristic of brooks, creeks, and rivers. Faunas 
occupying each of the different environments must (1) accompany these 
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defined as a quiet body of water in which the littoral zone of floating- 
leaved vegetation extends to the middle of the basin and in which the 
biota is very similar to that of the littoral zone of lakes. Thienemann 
(1926) and Lenz (1928) apparently accept Forers definition. 

A lake is sometimes defined as a body of standing water completely 
isolated from the sea and having an area of open, relatively deep water 
sufficiently large to produce somewhere on its periphery a barren, wave- 
swept shore. In such a definition, expanse of open water exposed to the 
action of prevailing winds is of greater significance than depth of water. 
Protected waters must have a larger area of open water in order to pro- 
vide any barren, wave-swept shore than is necessary in the exposed ones. 
The test indicated in this definition usually presents no difficulty on 
waters having sandy or earthy shore margins where the wave-swept, 
barren shore, whether it be but a few feet or several miles in extent, is 
easily recognized. This definition may be difficiilt to apply where the 
shores and bottom of basins are vrholly rock and very steep, and where 
even the protected shore has not developed the characteristic evidences 
of protection, such as floating and emergent vegetation and muck deposits 
on the bottom. Barren, wave-swept shore or shoal is distinguished by 
(1) complete absence of attached, aquatic plants; (2) absence of accumula- 
tions of finely divided organic matter on the bottom; (3) absence of air- 
breathing invertebrates; and (4) presence of only those invertebrates 
which maintain their position by some form of burrowing. Marl lakes, 
because of the usual paucity of rooted plants on all shores, protected or 
exposed, and because of the barren, marly bottom on all sides of the basin, 
also require very close scrutiny in order to determine the true wave-swept 
shore mentioned in the definition. In such lakes, other evidences, e.g., 
marl drifts, indicate a wave-swept shore in the sense in which it is used 
here. Large bog waters, completely surrounded by overgrowing margins, 
are also difficult to classify on this basis, since the partly floating mat is 
of such a nature as to conceal any effects of wave action. This definition 
of a lake is not ideal from another standpoint. Basins with unusual 
protection on all sides or basins in a region of reduced wind action would 
need to be of large expanse in order for any wave-swept shore to be 
developed — an expanse so great that to designate them as ponds would 
be absurd. After all, size must enter into the distinction. For limno- 
logical purposes, it is possible that ForePs definitions are about as satis- 
factory as any now proposed. None seems to be wholly ideal. 

In this book, the author chooses to employ the term pond for that 
class of very small, very shallow bodies of standing water in which quiet 
water and extensive occupancy by higher aquatic plants are common 
characteristics. All larger bodies of standing water will be referred to as 
lakes. 
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ORIGIN OF LAKES 

Lake basins originate in many different ways, the principal ones being 
as follows: 

1. Glacial action. Regions once covered by ancient glaciers are often 
rich in inland lakes, as, for example, northern United States and much of 
Canada. Glaciers form lakes (a) by digging out basins; (6) by the deposi- 
tion of moraines and debris so as to form a closed basin; (c) by actual ice 
obstruction of the lower end of a mountain valley, forming an ice-barrier 
basin above the glacier; and (d) by the melting of huge masses of ice 
embedded in the glacial debris. 

2. Landslides which obstruct valleys. 

3. Solution of underlying rock with subsequent sinking of surface, as, 
for example, limestone sinks. 

4. Crustal movements of the earth, such as upwarping which forms a 
dam or downwarping which forms a basin. 

5. Craters of extinct volcanoes. 

6. Various activities of rivers, such as change of channel producing 
oxbow lakes, obstruction at mouths of tributaries forming lakes just 
above them, and drift jams which obstruct streams. 

SIZE OF LAKES 

Lakes differ in area from those barely larger than a pond to those of 
great size. Lake Superior, the largest body of fresh water on the globe, 
has an area of more than 31,000 sq. miles. The Caspian Sea, with an 
area of about 170,000 sq. miles, is sometimes considered as having the 
qualifications of a lake. If so regarded, it would occupy first place in 
size among lakes. This, however, does not invalidate the statement for 
Lake Superior, since the waters of the Caspian Sea arc saline. It is 
stated that Lake Chad, Africa, has an area of about 40,000 sq. miles in the 
wet season but is reduced to about 6,000 sq. miles in the dry season. 
Each of the continents possesses a few very large lakes. Ton of the large 
lakes of North America, including the Great I^akes, have a combined 
area of approximately 127,000 sq. miles. However, the number of lakes 
whose area exceeds 5,000 sq. miles is utterly insignificant compared with 
the many thousands of lakes of lesser magnitude. Of the 11,000 or more 
lakes and ponds in Michigan, the largest (Houghton Lake) has an area of 
slightly more than 30 sq. miles. In Wisconsin, where ^the number of 
lakes is said to be several thousand, the largest (Lake Winnebago) has an 
area of 215 sq. miles. 

DEPTH OF LAKES 

Lakes also differ widely in depth. While the greatest lake depths 
never approach those of the oceans, it is a striking fact that a remarkable 



18 


LIMNOLOGY 


lake in southern Siberia^ Lake Baikal, has a maximum depth of about 
1,706 m. (5,600 ft.). In North America, Crater Lake in Oregon is 
about 608 m. (1,996 ft.) deep; Lake Tahoe, about 487 m. (1,600 ft.); 
Lake Chelan, Washington, 457 m. (1,500 ft.) ; Seneca Lake, New York, 
188 m. (618 ft.) ; Lake Superior, about 393 m. (1,290 ft.) ; Lake Michigan, 
281 m. (924 ft.); Lake Huron, 228 m. (750 ft.); Lake Ontario, 237 m. 
(780 ft.); and Lake Erie, 64 m. (210 ft.). Such depths are, however, 
relatively rare, since most lakes have a maximum depth of less than 30 m. 
‘‘Bottomless^' lakes of local fame are pure fiction; many of them have 
been found to have bottoms at depths of only 10 to 20 m. 


ELEVATION OF LAKES 

Even in elevation, lakes present a striking diversity. While, as a rule, 
the elevation of the surface is above sea level, exceptions are known in 
which the lake surface is far below it. Lakes which conform to the rule 
vary from those with slight altitude to high mountain lakes some of which 
exceed 3,600 m. (11,810 ft.) elevation. 

The elevation of bottoms of lake basins is, also, as a rule, above sea 
level, although exceptions occur; for example. Lake Erie has a bottom 
which is above sea level, while in the other four Great Lakes the bottoms 
are below to the following extents: Lake Superior, about 210 m. (688 ft.) ; 
Lake Ontario, about 163 m. (535 ft.) ; Lake Michigan, about 98 m. (324 
ft.); and Lake Huron, about 52 m. (170 ft.). This means that if all out- 
lets of the Great Lakes were eroded down to sea level, all other things 
remaining the same. Lake Erie would be dry land, but the other four lakes 
could still have maximum depths equal to the values mentioned above. 

Surface elevations of virtually all lakes are subject to variations from 
season to season and from year to year. These seasonal variations are 
often detectable by the increasing amount of exposed beach during the 
summer or during the dry season, although care should be taken not to 
mistake incireasing extent of beach due to the beach building of wave 
action on an exposed sandy shore for drop in level of water surface. 
High-water years and low-water years — periods during which the general 
water level in lakes of a whole region is, cither higher or lower than the 
ordinary average condition — ^are well known. These are matters of 
some limnological importance, since they involve extensions or reductions 
of the shallow-water zones. An increase in the extent of shallow water 
is likely to increase the productivity; a low-water condition, however, 
may have the opposite effect. Unusual fall in water level sometimes 
exposes shoal areas, thus eliminating the principal rooted vegetation 
zones and temporarily robbing the lake of its most productive region. 
This is particularly true of a lake whose basin is of such a form that the 



LAKES, THEIR ORIGIN AND DIVERSITY 


19 


shallow shoals are terminated at their lakeward margins by an abrupt 
declivity leading precipitously into deep water. 

Considerable change in surface level, annual or periodic, may have 
various other limnological effects, such as the increase or decrease of 
(1) outflow of water at outlets, (2) erosion and transportation of shore 
materials due to wave action, (3) formation of beach pools, (4) water 
supply of already existing beach pools, (5) contact of water with earthy 
deposits on shores, (6) inflow of waters from contributing streams and 
lakes, and (7) available space for shallow-water bottom organisms. 

LAKE MARGINS 

Nature of Margins 

The line of demarcation between land and water is definite or indefi- 
nite depending upon a number of natural circumstances. Lake basins 
with steep incline of bottom at the shore regions have margins which are 
less subject to changes than are those whose slope of shoal bottom is so 
slight that even the smaller alterations in water level either expose or 
inundate peripheral areas of considerable extent. Hence, the margins 
may or may not bo so definite as maps indicate. In lakes with bordering, 
low-lying swamp, bog, or marsh areas, the margin not only shifts with 
changes of lake elevation but it is also more or less intangible at any 
particular time. Not infrequently, a lake basin is of such a form that 
one part of its margin is steep and definite while another part has extensive 
tracts virtually at water level. Amount of marginal slope, after all, 
determines the degree of definiteness of a lake margin. 

IIigh-water and Low-water Marks 

High-water marks can usually lie identified by ridges of debris and 
of certain kinds of bottom materials; also by erosion marks on headlands 
and elsewhere. Other evidences of high-water effects may be available 
which are purely matters of local circumstances and need not be cata- 
logued here. Low-water marks are often less easily recognized but may 
sometimes be inferred from the positions of the more permanent animal 
and plant zones of shallow waters. The nature of a margin has much to 
do with determining how clearly high- and low-water marks may be 
indicated. 

/ 

Shore Dynamics 

Natural waters are notoriously restless. Except at times of complete 
calm, which may be rare during whole seasons, water is in some form of 
motion, varying from relatively gentle to violent. Having a density 
about 775 times that of air and at the same time being the most labile 
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of all liquids, it has a great potential ability to produce changes on the 
shore against which it beats. In the inland lakes, wave action is the 
principal form of water movement that produces shore changes. 

In many lakes, particularly those of glacial origin, the shore line of 
today is much more regular and simplified than it was in the initial stages 
of existence. When the basins were first formed, the shore line mani- 
fested all of the irregularities which the geological, formative agents gave 
it. Not infrequently, these were in the form of sharp peninsulas, deep 
angular bays, and sinuosities of various kinds, all of which offered resist- 
ance to the free sweep of surface water moving under the influence of wind. 
Since water has a remarkable ability to erode and to transport, obviously 
the most prominent of these early irregularities were the first to feel the 
modifying influence of the water. 

Modification of the original shore line has been accomplished by two 
main processes: (1) shore cutting and (2) shore building. Although 
these two processes are distinct, they may go on simultaneously but in 
different places. 

Shore Cutting. On a shore which faces directly into waves, i.e., the 
crest of the oncoming wave is more or less parallel to the shore line, 
the final plunge of a wave lashes against the opposing land, loosening a 
certain amount of it. The amount of material loosened depends entirely 
upon its nature and resistance. If the shore is composed of glacial 
drift or of some other relatively soft materials, it will yield to the con- 
tinual bombardment of waves. As water from a spent wave retreats 
down the slope of the beach, it carries and rolls a certain amount of 
loosened material into the lake whence it may be transported to other 
locations by gravity, by undertows, or by alongshore currents. Fine 
silt, remaining in suspension for a considerable time, becomes scattered 
widely, ultimately settling to the bottom. The remaining materials, if 
they are of a heterogeneous composition, such as unsorted glacial deposit, 
will undergo a sorting process, the heaviest boulders remaining nearer 
the original location and the next smaller sizes being dropped in order, 
so that ultimately a cross section of the shore and bottom of such a region 
would show the following succession of sorted materials, beginning at 
the shore and extending out into the water: boulders, cobblestones, 
coarse gravel, fine gravel, and sand. On high, abrupt shores which face 
the water, undercutting takes place, leading to the occasional fall of 
overhanging masses into the water. These masses also undergo dissolu- 
tion and sorting by the water. 

If a promontory is so situated that the waves produced by prevailing 
winds run past it, i.e., the waves run across its free end, the ends of the 
waves cut hard against the projecting point, constantly eroding and 
carrying away its materials, thus shortening and rounding off the penin- 



LAKES, THEIR ORIGIN AND DIVERSITY 


21 


sula. In this fashion, peninsulas may be completely worn away, and 
an irregular shore line made more and more regular. 

In regions of rock outcrop, some shores are so resistant that cutting 
takes place very slowly. However, erosion is facilitated by rock frag- 
ments picked up by the waves and hurled against the shore. 

Shore Building. Shore building results from several processes all of 
which produce additions to the original lake margins. A very common 
example is the familiar beach ridge which occurs along the outer margins 
of certain beaches as a result of wave action. Also, on exposed, sandy 
beaches, a form of beach building is of common occurrence during the 
summer. In this process, waves coming on to the gently sloping shoal 
whose water depth is less than the depth of wave influence strike the 
inclined bottom, pushing and carrying ahead some of the sand. Each 
succeeding wave continues the pushing and carrying, ultimately dropping 
sand at the water’s edge. Under favorable circumstances, the end result 
is a substantially increased breadth of beach (above water level). The 
casual observer is likely to attribute increasing expanse of beach to fall 
in water level, whereas it may happen that the beach increase is largely 
due to beach building. The results of su(5h beach building are often 
wholly or in part temporary, since subsequent action of ice and higher 
waters may redistribute the accumulated sand. 

Barrier beaches are ridges of sand formed in the face of the strongest, 
prevailing wave action. In general, they are parallel to the shore and 
located in shallow water some distance from the margin. By direct 
action of heavy waves, a ridge of sand is pounded up to and above the 
level of the water; in fact, it is claimed that under favorable conditions 
such a sand ridge can actually he seen to grow during a heavy storm. 
Once formed, wind action may aid secondarily in increasing the height 
of such a ridge when its initial stage is followed by a fall in lake level. 
A certain lack of agreement seems to exist among authorities concerning 
the best conditions for the formation of barrier beaches, some claiming 
that the best conditions appear to be a fairly constant water level, 
together with very shallow shoal water which grows very gradually 
deciper and a set of lake conditions of such a nature that storms produce 
large waves; while, contrariwise, it is claimed that a lowering of the water 
level or an elevation of the land is required. Such ridges, particularly 
when first formed, may not be connected to the shore at the ends, but, 
in time, such connections are to lye expected, and, when' formed, a lagoon, 
sometimes called a barrier beach pool, is produced. Such pools are always 
shallow, usually very shallow. Permanent barrier beach pools are much 
more likely to occur in very large lakes such as the Great Lakes than in 
small ones; in fact, such a pool in permanent form seems to be a rarity 
in the inland lakes, although temporary ones are frequent. When 
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permanently formed, these pools not only modify the form of the shore, 
but they constitute, at least for a time, a very favorable habitat for many 
aquatic organisms. Owing to shallow depth and their occurrence in a 
region of shifting materials, filling is likely to go on rapidly, making the 
life of such pools relatively short. 

Currents. Important as waves are in shore-building activities, they 
are secondary to the surface currents which pass alongshore, carrying 
and dropping materials. In the smaller inland lakes, these currents 
are largely determined by the prevailing winds. As these currents pass 



Fig. 1. Diagram showing gradual filling of a small bay by beach-pool formation. Arabic 
numerals indicate relative age and order of formation of pools, 1 being the first and oldest, 
and 6 the most recent. The letters a, c, d, e, /, g mark the position and chronological 
sequence of the initial ends of the sand spits. Arrowheads on sand bars indicate the direc- 
tion of growth of each bar. 

projecting headlands, they pick up loose materials and transport them 
elsewhere. Since shore lines often present a series of sinuosities, along- 
shore currents tend to pass more directly from one headland to the next 
instead of following closely the concave shore line. Having encountered 
a headland and picked up a load of material, the current loses some of its 
initial velocity when it reaches the other side of the promontory and, as a 
result, deposits along its path some of the load of suspended material. 
Eventually, a sand spit begins to grow out from some point on the more 
protected side of the headland, which, in time, reaches the shore some- 
where along the side of the bay, forming a bar which completely cuts off a 
small portion of the lake and establishes a sand-spit beach pool (Fig. 1). 
Incidentally, a step in the process of smoothing out the concavity in the 
shore line is completed. Owing to the general tendency of the alongshore 
current to follow in a slight degree the course of the shore line, the sand 
spit does not ordinarily pass in a straight course from one headland to 
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the next but instead tends to approximate a sigmoid form (convex part at 
the initial end and the concave part at the concluding end) and follows 
roughly the form of the shore line, thus cutting off only a narrow portion 
of the lake. Before the first sand spit is completed, another may begin 
forming from the lakeward side of the first, but somewhat farther along, 
and will repeat the history of the first in a general way. This process 
continues until the bay is completely obliterated and the shore line 
extends more or less directly from one original headland to the other. 
Vegetation begins to invade the growing sand spit: first, certain sedges 
and small seedlings; then some of the shrublike plants; and finally forest 
trees. Since the time elapsing between the first growth of trees on the 
bar and the capture of the pool by vegetation is sufficient to give the trees 
a long start over the latter, it is often possible to trace out the positions of 
ancient bars and pools, long after the depressions have disappeared, by 
the rows of larger trees and stumps separated by forest growths of much 
younger age. In one of the bays of Douglas Lake, Michigan, there is a 
series of such beach pools of which at least six can be readily recognized, 
grading from the outer one — ^the bar of which was just recently com- 
pleted — to the ancient, extinct ones behind. Local circumstances may 
prevent as perfect and definite a sequence as the one just mentioned, but 
the general process of sand-spit formation is as descrited. Beach pools 
so formed are often remarkably fine habitats for aquatic organisms. Such 
a series as the one described above presents splendid conditions for the 
study of ecological succession. 

General Effect of Shore Building. The cutting down of headlands, the 
smoothing out of bays and other irregularities, and the general straighten- 
ing of shore lines all combine to form a lake with reduced shore line. The 
progressive elimination of marginal irregularities goes on until finally no 
more bays remain to be cut off in that region of the lake, and, while minor 
shore adjustments may follow, the climax of the process has essentially 
been reached. One effect of aging is, thei*efore, the reduction of shore 
line, and, since it is a well-known limnological fact that, other things being 
equal, the greater the length of shore line of a lake the greater its pro- 
ductivity, it thus results that, in this respect, the lake automatically 
reduces its own productivity. However, other influences of aging may 
offset this effect. 

Ice Action. Lake margins are subject to modifications due to ice 
action. Ice exerts its influence on the shore in two general ways: (1) by 
ice expansion and (2) by ice jams. 

Expansion Action. Ice, when once formed on a lake surface, expands 
or contracts with the rise and fall of the temperature. Since air tempera- 
tures rise and fall during the winter, sometimes over a considerable 
range, the ice changes in volume. An appreciable drop of temperature 
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causes the ice to contract and thus produces cracks which refill with 
more ice. Then, when a rise of temperature produces an expansion 
of the whole ice mass, action upon shore is exert, ed. If the shore is of 
such a nature that the ice cannot shove, the ice may buckle. However, 
on many sloping shores, the expanding ice overrides them; and if the 
shore materials are of a 3delding sort, an irregular ridge called an ice 
rampart is likely to be formed by shoving a portion of the marginal 
material to a higher level and leaving it in the form of a ridge. Where 
conditions favor permanency of ramparts once formed, successive shoves 
may build up a considerable accumulation of displaced materials, forming 
an ice-push terrace. 

Ice Jams, Ice fields, thawed loose from the shores in early spring, 
may be blown against the shore, exerting great pressures. Also, masses 
of broken-up ice drift with the wind and produce jams on and against 
the shore. Ice ramparts similar to those formed by ice expansion fre- 
quently result. Since these jams are wind produced and since the spring 
winds vary in direction, any of the less-protected shores also may be 
affected. Various other shore distortions may result, such as the change 
or the actual destruction of sand bars, recession of banks, formation of 
irregularities in shores having materials of unequal resistance, and shifts 
in position of boulders. Ice jams are more effective on the larger lakes. 

As would be expected, the scouring action of ice on shores may virtually 
obliterate certain habitats so that the space formerly occupiejd by one 
biota may either be restocked with a similar biota or else replaced by 
another population better adapted to the new conditions. 

LAKE BOTTOMS 

The term bottom is here used to include all parts of the bottom of a lake 
basin from the water's edge to the deepest region. 

Diversity 

The greatest diversity prevails in the bottom of different kinds of lakes, 
as well as in individual lakes of the same type. All lakes of a particular 
region may liave had the same origin, may have begun their history with 
essentially the same materials composing the basin, and may exist under 
the same climatic conditions, yet the bottom materials may be, and often 
are, markedly dissimilar in the different lakes. Every lake accumulates 
deposits on its bottom. The kinds of bottom deposits and the rate of 
deposition are largely matters of local circumstances; likewise, the distri- 
bution of materials, once they are in the lake, also depends upon local 
conditions; therefore, two lakes of similar position, size, depth, age, and 
original basin materials may now differ markedly with respect to their 
bottom deposits. 
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The nature of bottom deposits is a preeminently important feature in 
determining biological productivity. Different kinds of bottom deposits 
maintain different kinds of organisms, and different amounts of bottom 
deposits, within limits, aid in an important way in determining differences 
in quantitative biological productivity. 

Sources of Bottom Materials 

The principal sources of bottom materials are: 

1. Bodies of plankton organisms which die and sink. 

2. Plant and animal remains from the littoral zone. 

3. Wind-blown materials, both organic and inorganic. 

4. Silt, clay, and similar materials introduced by tributaries or washed 
in directly by run-off water from adjacent slopes. Since these additions 
to the bottom are usually more extensive at certain times of year, such 
as spring floods and spring thaws, a definite stratification of the bottom 
may occur, so that a transverse section of the deposits shows an alterna- 
tion of a clay layer or other kinds of inwash with another layer of very 
different character representing an accumulation during other times of 
year. 

5. Marl, largely calcium carbonate produced by plants and animals or 
precipitated from the water by inorganic processes (page 100). 

6. Remains of floating blanket Algae. 

7. Eroded materials from the shore zones. 

All of these materials may contribute to the bottom of a lake, or local 
circumstances may determine that certain ones either predominate or are 
totally absent. Newly deposited, organic materials undergo decomposi- 
tion, ultimately changing their character. Since there is a continual 
addition of new bottom-making materials settling through the water, a 
transverse section of the bottom deposits shows a gradient varying from 
the topmost, newly deposited materials down to the deeper, more chemi- 
cally stable substances. Those animals which normally live in bottom 
deposits inhabit only the upper few inches of depth. 

Classification of Boti’om Deposits 

As previously indicated, a great diversity of bottom deposits exists in 
lakes. Predominance of cert.ain materials in the mixtures produces 
different types of deposits. However, a satisfactory classification of 
deposits is yet to be made. Long-continued, intensive studies of soils 
have enabled soil physicists and others to establish soil classifications of 
great value; but in spite of the fact that bottom deposits are soils, in a 
certain sense, they are still too little known to make possible anything 
but the roughest classifications. There is great need for critical study of 
bottom deposits. 
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Caspar! (1910) classified the deposits in the Scottish lochs into three 
main varieties or types: (1) sand or grit; (2) clay; and (3) brown mud. 
Three other types occurred sporadically and were listed as rarities: (4) 
diatom ooze; (5) ochreous mud; and (6) calcareous deposits. The pre- 
dominating component in each of these types is obvious from the name, 
except in the following: brown mud in the Scottish lochs has as its chief 
constituent an impalpable, brown, humus-like substance resulting from 
the decay of vegetable matter. Ochreous muds are described as charac- 
terized by a high content of limonitic iron, which gives them a distinct 
red color. Since the Scottish lochs liave bottom deposits which are said 
to differ very little from loch to loch, it is obvious that this classification 
is not broad enough to include all kinds of bottom. It is mentioned here 
merely as representing one of the early attempts to distinguish types of 
deposits. Scandinavian limnologists (Lundqvist, 1927, et ah) have made 
extensive studies of the lake-bottom deposits of southern Sweden, and 
they employ a classification based upon the relative proportion of clay 
and fossil material in them. This classification is restricted in its 
applicability and employs a terminology based upon an unfortunate word 
derivation. Veatch (1931) and Roclofs (1944) presented tentative classi- 
fications based upon their studies of Michigan lakes. The following out- 
line modified from Roelofs^ work is conservative and deals only with the 
principal types. 

I. Homogeneous: having uniform composition. 

A. Inorganic. 

1. Bed rock or solid rock. 

2. Boulders: rocks more than 12 in. in diameter. 

3. Rubble: rocks 3-12 in. in diameter. 

4. Gravel: 3^-3 in. in diameter. 

5. Sand: may be divided into coarse and fine. 

6. Clay: very finely divided mineral matter; no gritty feeling; usually gray in 
color. 

7. Marl: Calcium carbonate; usually gray in color. 

B, Organic. 

1. Detritus: coarse plant materials, fragmented but little decayed. 

2. Fibrous peat: partially decayed plant remains; parts of plants recognizable. 

3. Pulpy peat: very finely divided plant remains; particles unrecognizable; 
green to brown; consistency variable, often semifluid. 

4. Muck: black; finely divided organic matter; decomposition very advanced. 
II. Heterogeneous: composed of two or more kinds of material. 

1. Alluvium: mixed sedimentary material from inflowing streams. 

2. Various combinations of two or more recognizable homogeneous types. 

Classifications of bottom deposits are still in the pioneer stage. Inten- 
sive work in this field and the adoption of a standard terminology for 
bottom types is a major need in limnology. 
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Stratification of Bottom Deposits 

Not infrequently bottom deposits show horizontal stratification. This 
condition represents a chronology in which alternating or changing condi- 
tions in the past brought about differences in deposition. Sometimes 
this lamination is very distinct. Third Sister Lake, near Ann Arbor, 
Mich., shows within the profundal zone a total bottom deposit of about 
11.6 m. and stratified as follows: (1) Uppermost stratum, 1.2 m. thick; 
composed of clearly defined layers of soft, black, largely organic detritus, 
about 0.5 to 1.0 cm. thick, alternating with a much firmer, grayish, clay 
layer having an average thickness of about 1.0 to 2.0 cm. The clay layer 
is so firm and sticky that the layers can be separated, thus making it 
possible to secure almost pure samples of both kinds of material. The 
clay layer is inwash from the drainage basin during the spring; the black- 
ish ooze layer is deposited largely during the remainder of the year and 
almost wholly by processes going on within the lake itself. (2) Peat, 
5.5 m. thick. (3) Alternating layers of peat and marl, 2.4 m. thick. 
(4) Fine sand, 2.1 m. thick. (5) Sandy marl, 0.3 m. thick. 

Stratification of bottom deposits differs greatly in different lakes and 
with the different sets of conditions which produce it. A lake may be so 
situated and so composed that no stratification in its bottom deposits is 
detectable. Sometimes vertical cores show’ the total bottom deposit to be 
divisible only into a few major horizontal strata composed of contrasting 
materials. Sometimes major strata are themselves composed of varves. 
A varve is a form of layering due to the annual procession of the seasons 
and generally consists of tw’o laminae, one formed during the summer and 
the other during the winter. Varves occur in some of the deep glacial 
clay deposits of some lakes, also in some lake deposits now in the process 
of formation. 'Fhey are knowm to vary in thickness from a few milli- 
meters to 30 cm. or more. Wilson^ (1943) reported 12,223 varves in 
bottom sediments in Sandusky Bay, Lake Erie. 

Historical Significance of Bottom Deposits 

Bottom deposits, if they remain in place as formed, constitute a 
historical record of a lake, the oldest deposits being at the bottom of the 
original basin and the most recent at the top, \vith intervening materials 
occurring in the order of their formation in past time. Much information 
concerning ancient conditions within the lake itself and past conditions 
on shore has been secured through the study of these bottom materials. 
Deposits differ greatly in degree of disintegration, varying from those so 

^ The investigations of Wilson (1936, 1938, 1943, 1945), Twenhofel and Broughton 
(1939), and others have contributed much to the knowledge of lake sediments in the 
Great I^akes region. 
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completely reduced that they yield little recognizable materials to those 
in which the partial preservation of animals and plants provides much 
evidence of past events. Pollen, diatom shells, fragments of exoskeletons 
of plankton Crustacea and of insects, shells of Mollusca, and deposits of 
marl are among the common witnesses of ancient history. Many studies 
have been made of historical significance of various kinds of lamination 
in bottom deposits in different kinds of lakes, yielding much in unfolding 
the story of the past. Varves afford means of measuring the time 
involved in the deposition of strata and the establishment of chronologies 
for lakes. 


Basin Seal 

A phenomenon known as hadn seal occurs in many, possibly most, 
lakes. When present the basin is sealed, sides and bottom, against 
significant outseepage and in some instances apparently against con- 
sequential inseepage. Available evidence seems to indicate that this 
sealing is produced by the more chemically stable, finely divided elements 
of the bottom sediments which are deposited upon, and worked into the 
interstices of, the lake basin. Sometimes, this sealing seems to be very 
complete. It may account for the many instances of dry basins which 
occur but a few yards inland from a lake in spite of the fact that the 
bottom of the basin is well below the lake-surface elevation. Artificial 
interruption of this seal locally is known to produce, under some condi- 
tions, immediate outdrainage. 

GENERAL DIVERSITY OF LAKES 

Until recent times, all lakes were looked upon, even by many Vriologists, 
as being relatively similar. Wliile such simple things as differences in 
color, taste, hardness, turbidity, aquatic animals, and aquatic plants were 
known, lakes were generally thought of as being much the same wherever 
found. A partial survival of this idea is still prevalent among laymen at 
large. With the advent of limnology and its modern methods of environ- 
mental analysis has come the established fact that lakes, as a class, 
manifest a most amazing physical, chemical, and biological diversity. In 
fact, there are reasons for believing that from the standpoint of environ- 
ments produced, the lakes of North America present a greater diversity 
than do the lands of the continent. This statement sounds, at first, 
startling and exaggerated for the simple reason that since man is a land 
animal, the inherent diversities of the land areas are a much more intimate 
part of his life. As a partial indication of lake diversity, it might be 
stated that lakes are large, medium, or small; deep or shallow; protected 
or unprotected; with or without tributaries and outlets; fresh, brackish, 
or salt; acid, neutral, or alkaline; hard, medium, or soft; turbid or clear; 
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surrounded by bog, swamp, forest, or open shores; high or low in dis- 
solved content; with or without stagnation zones; with marl, muck, sand, 
or false bottoms; with or without vegetation beds; with high, medium, 
and low biological productivity; young, mature, or senescent; and so on. 
Within each of the various groups oS characters mentioned above, as well 
as within the numerous ones not listed, every imaginable intergrade 
exists. These many characters occur in multitudinous combinations, 
thus accounting for the remarkable lake diversity already mentioned. 




PART II 

NATURE OF INLAND-WATER ENVIRONMENTS 


Water, together with its contained substances and energies, constitutes 
the immediate environment of aquatic organisms. Therefore, an analysis 
of the fundamental features of natural, uncontaminated waters is the 
necessary approach to an understanding of interrelationships. Inter- 
relationships cannot be adequately determined until the things inter- 
related are themselves understood, at least to some extent. An exhaus- 
tive analysis of all of the possible factors and influences operative in water 
cannot be undertaken here. Space and aims of this book dictate that 
the treatment be brief and consider only the more basic conditions. 
Most of the following described physical and chemical features have, in 
one way or another, significant influences on aquatic life. It should be 
understood in advance that each physical and chemical influence is 
described not as a purely physical or chemical phenomenon but as a con- 
tributor to the sum total of those circumstances which make possible the 
existence of the various phenomena of biological productivity. 




CHAPTER IV 


PHYSICAL CONDITIONS AND RELATED PHENOMENA 
MORPHOMETRY 

That branch of limnology which deals with the measurement of sig- 
nificant morphological features of any basin and its included water mass 
is known as morphometry. Certain fundamental conditions of production 
arise directly out of size and form interrelations. Therefore it becomes 
necessary for the linmologist to make various measurements of shore line, 
area, depth, slope, volume, and other morphological features and to 
establish from them certain ratios which serve as indices of lake differ- 
ences. Details of these procedures belong more properly to field and 
laboratory work and will not be treated here. 

PHYSICAL FEATURES OF WATER 

Pressure 

Water is a heavy substance. Pure water weighs 62.4 lb. per cu. ft. at 
4®C. This is a direct result of its density. Since density changes with 
differences in temperature, compression, substances in solution, and sub- 
stances in suspension, the weight of a cubic foot of natural water is not 
always the same. It is roughly about 0.2 lb. per cu. ft. lighter at 27®C. 
than at 4®C., and it has been estimated that substances in solution and 
suspension in inland waters usually do not add more than about 0.1 lb. 
per cu. ft. to the weight. However, for ordinary purposes, calculations 
of pressure on the basis of 62.4 lb. per cu. ft. are customary. In calculat- 
ing pressures in the sea, a value of 64 lb. per cu. ft. is commonly used. 
The pressure at any subsurface position is the weight of the superimposed 
column of water plus the atmospheric pressure at the surface. For 
example, if a measure of the pressure at a depth of 100 ft. on a square inch 
of bottom is desired, it will be necessary to determine the weight of a 
column of water 1 sq. in. in transverse section and 1,200 in. high plus the 
atmospheric pressure per square inch at the surface. Pressures may be 
expressed in any convenient units of weight per unit of area or, as is some- 
times done, in the numbers of atmospheres. Pressures in water, as depth 
increases, rapidly become great, so that ultimately a crushing effect is 
imposed upon objects submerged to considerable depths. This collapse 
under pressure is called implosion. Apparatus which includes inner 
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spaces to which water has no access must be protected against the crush- 
ing effects of pressure in deep water. It has been related that during the 
famous Challenger explorations, the beam of a trawl returned from its 
first deep submergence with the wood so compressed that the denser 
knots protruded from the surface. While it is true that depths in lakes, 
barring exceptions such as Lake Baikal, Siberia, are very small compared 
to those in oceans, nevertheless pressures at the bottoms of shallow lakes 
are of considerable magnitude, as, for example, in a lake having a maxi- 
mum depth of 100 ft. (30 m.), the pressure in the deepest region is about 
58 lb. per sq. in., or almost 4 atmospheres. 

Compressibility 

Water is virtually incompressible. The coefficient of compressibility 
for each atmosphere of pressure is usually given as 52.5 X 10“® at 0°C. 
for pressures of 1 to 25 atmospheres; as 50.0 X 10“* at 10°C., pressures of 
1 to 25 atmospheres; and as 49.1 X 10”® at 20®C., pressures of 1 to 25 
atmospheres. Coefficients cJiange with still greater pressures, but for 
those usually met in lakes, compressibility (sometimes called elasticAty) is 
negligible for ordinary purposes. For the great ocean depths, it becomes 
a matter of more appreciable proportions where, according to Johnstone 
(1928), if the sea were suddenly to become absolutely incompressible the 
volume of the ocean would be increased by 11,000,000 cu. km., and the 
sea level would rise about 15 fathoms (27.5 m.). Making a similar 
computation for fresh water. Lake Superior waters, suddenly rendered 
absolutely incompressible, would rise in level about 9 in. (about 23 cm.), 
and an ordinary inland lake with a maximum depth of 100 ft. (30 m.), 
under the same circumstances, would rise about 0.01 in. (0.25 mm.). 
Since increasing pressure compresses water to such an exceedingly slight 
degree (thereby increasing its density to the same slight extent), objects 
sink in water of uniform temperature at essentially the same rate at all 
levels, contrary to popular impression. This means that if an object will 
sink at all, it will sink to the bottom unless other influences intervene. 
The modifying effects of viscosity will be mentioned later (page 30). 
Herdman (1923) states that a solid mass of iron weighing 1,000 g. shows 
at 4,000 m. depth only the insignificant difference of 0.3 per cent in weight. 

Density 

Some of the most remarkable phenomena in limnology are dependent 
upon density relations in water. 

Variations Due to Pressure. Water at the surface, subject to a pres- 
sure of only 1 atmosphere, is considered as having a density of unity 
(1.0); at a pressure of 10 atmospheres, the density is about 1.0005; at 20 
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atmospheres, the density is about 1.001; and at 30 atmospheres, it is 
about 1.0015. 

Variations Due to Temperature. Pure water forms ice at O^C., and 
steam at 100°C., but the main interest here is in the changes of density of 
the liquid due to temperature. Water possesses that unique quality of 
having its maximum density (Fig. 2) not just before it forms ice but at 
4°C. (39.2°F.). Strangely enough, it actually becomes progressively less 
dense {lighter) as it cools from 4°C. to the freezing point. 



Fig. 2. Graph showing relation between density and temperature in pure water. Curve 
discontinued at 20°C. 

The performance of many, possibly most, inland waters parallels closely 
that of pure water, as shown in Fig. 2. However, one departure should 
be mentioned, viz., it is a well-established fa(;t that with increasing 
hydrostatic pressure the temperature of maximum density in pure water 
becomes lower than 4°C. although the change is of small magnitude. It 
seems likely that this fact explains the occurrence of temperatures slightly 
lower than 4°C. at the bottom of very deep inland lakes in summer 

In natural environments, water is ordinarily least dense (lightest) at the 
maximum summer temperature. As it cools down during autumn and 
early winter, it gradually increases in density until 4°C. is reached. 
Further cooling decreases density until the 0°C. is reached. ' 

According to Coker (1938), sea water becomes heavier as it cools until 
the freezing point is readied, i.e., the temperature of maximum density 
is at 0®C. instead of 4°C. as in pure water. 

Changes Due to Dissolved Substances. All natural waters contain 
substances in solution. The concentrations of these substances vary 



36 


LIMNOLOGY 


widely, although, as a rule, the total amount in fresh water is less than 
that in sea water. Such substances usually increase the density of water, 
the amount of increase depending upon the concentration of dissolved 
materials and upon their specific gravity. A marked influence of this 
sort occurs in salt lakes in which the density may exceed that of the 
oceans. Evaporation increases density by concentrating the dissolved 
materials; dilution reduces the density. 

Changes Due to Substances in Suspension. All waters, as they occur 
in nature, contain some suspended particulate matter. The quality and 
quantity of these substances vary greatly in different waters and at 
different times. Silt and certain other materials are heavier than water 
and thus increase its weight; others may have a specific gravity similar to 
that of water and cause no significant change in its weight. Density cur-- 
rents and related phenomena may be caused by substances in suspension. 

Mobility (Viscosity) 

Water is an exceedingly mobile liquid. Nevertheless, it has internal 
friction (viscosity). This viscosity varies with the temperature. Water 



Fig. 3. Graph ahowiiiR chnriKe in vianosity of pure water with change in temperature. 

is distinctly more mobile at ordinary summer temperatures than it is 
just before it freezes (Fig. 3). For the present purposes, the values 
given in Table 1 indicate the essential features of this variation with 
temperature. 


Table 1. 


Changes in the Viscosity of Pitre Water Dub to Temperature 
Changes 


Temperature, ®C. 
0 
5 
10 
15 
20 
25 
30 


Percentage of Viscosity 
100 
84.9 

73.0 

63.7 

56.1 

49.8 
44.6 




PHYSICAL CONDITIONS AND BELATED PHENOMENA 


37 


The mixing and stirring of water in nature are largely due to wind 
action. It is evident from the table given above that the response of 
water to a wind of fixed velocity would differ with different temperatures 
of the water. Much more work is required of the wind to produce a 
certain result when the water is near freezing than when it is near summer 
temperatures. Pressure does not cause any significant change in viscosity. 

Buoyancy 

Buoyancy is a direct outcome of density and varies with the same 
factors. The law of Archimedes is as follows: A body in water is buoyed 
up by a force equal to the weight of the water displaced. The greater 
the density the greater the buoyant force; the denser the water the higher 
will a floating object ride in the water. Ships passing from fresh water 
into sea water rise a little higher, and the same ships with the same loads 
would ride somewhat higher in winter than in summer. Submerged 
bodies of all sorts are, of course, under the same influences and subject to 
the same changes of buoyant force. 

Movements of Water 

Movements of water have numerous and far-reaching limnological 
relations. Some understanding is therefore necessary of the major 
physical features of water movements. The principal forms of move- 
ments of water are waves, currents, and seiches. 

Waves. Waves are mainly wind produced. They occur on every 
body of water in forms and magnitudes depending upon various local 
conditions, such as area of open water; direction, duration, and velocity 
of winds; shape of shore line; and relative amounts of deep and shallow 
water. On the Great Lakes, waves may become formidable in size and 
action; on the smallest of the inland waters, waves, while potentially 
present, are always minimal, although not without their limnological 
significance. The greater the expanse of water over which the wind 
blows the greater the potential wave height, wave length, and wave 
velocity. 

In open water where a wave is free to move without modification, wave 
motion is essentially as follows: Assuming that a wave is already formed 
and in action, each particle of water describes a vertical, circular path and 
theoretically returns to the position from which it started; therefore, the 
wave moves along, producing a vertical rise and fall at successive posi- 
tions but no horizontal movement of the water. Such a wave is some- 
times called a wave of oscillation. Not infrequently, such a wave is 
modified by circumstances, as, for example, the wind, when its velocity is 
such that it blows the crest of the wave over, causing it to fall forward and 
thus produce a whitecap in which actual horizontal motion of the water 
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does occur. Likewise, as a wave from the open lake approaches the 
shallow water, certain changes occur one of which is that the wave height 
is increased and then the top pitches forward in a sort of forward rolling 
motion, forming surf. This also results in horizontal motion or flow of 
the water. Surf is often explained as due to the drag of the bottom of the 
wave when it encounters the shoal, causing the top to outrun the bottom 
and thus fall over, but there appear to be some serious objections to this 
explanation. 

Stevenson (Cornish, 1934) presents the following formula for computing 
the maximum height of waves in small bodies of water: A = -\/F in 

which h is maximum height in meters and F is the fetch of the wind in 
kilometers. If F is less than 10 km., a small correction is required. 
Both wave height and wave length increase as the distance from shore 
becomes greater. For an extended treatment of waves in large bodies of 
water, the reader is referred to Sverdrup, Johnson, and Fleming (1942). 

Waves in which there is a definite forward movement of the water 
itself are known as waves of translation. These may result from the effect 
of waves of oscillation coming on to a very gentle sloping shoal and form- 
ing breakers, as already mentioned. They may also result from the 
sudden addition of a considerable volume of water to the lake. 

Water thrown up on shore by waves runs back down the slope, forming 
undertow. Often, the downflowing water is met by the next expiring 
wave, so that shifting shore materials are alternately swept or rolled 
back and forth. 

Depth of wave action is a matter of considerable limnological impor- 
tance, but, unfortunately, precise information as to its extent in different 
conditions is lacking. It has been claimed that in the sea, wave ac^tioii 
may exert an influence to a depth of 182 m. (600 ft.). It is sometimes 
stated that the maximum depth of wave action is equal to the wave 
length. According to other statements, the disturbance caused by waves 
extends to a distance below the surface equal only to the height of the 
wave. There is reason for believing that tnith lies somewhere between 
these two extremes. 

Currents. Currents in lakes are mainly of three kinds, viz., vertical, 
horizontal, and returning (sometimes called undertow currents). 

True vertical currents seldom occur in inland lakes but may be present 
in large waters such as the Great Lakes. When present in inland lakes, 
they are the result of some unusual thermal, morphological, or hydro- 
static circumstance. Upwelling of water from some deep source is an 
example. 

Horizontal currents are common in lakes. They are usually produced 
by wind and often modified by the shape of shore line and form of the 
basin. It is claimed that in lakes as large as the Great Lakes, surface 
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velocity is about 5 per cent of that of the wind causing it but is less than 
5 per cent in the smaller lakes. The velocity of surface water in oceans 
at 45®N. lat. is said to be about 2 per cent that of the wind producing it. 
Stromsten (1927) reported that in Lake Okoboji, Iowa, a wind of 800 ft. 
per minute produced a current of 25 ft. per min. ; also that after thermal 
stratification was established, only the heaviest winds disturbed the 
water below 20 m. depth. 

The ratio of wind velocity to water movement diminishes as the wind 
velocity increases. Also, water velocity diminishes with increase in 
depth. The data presented in Table 2 probably indicate, in a general 
way, the expectation in the smaller lakes. 

Table 2. Relation ok Water Movement to Wind Velocity and to Depth 

Data from Whipple (1927)^ 


Wind velocity, 
miles per hr. 

Rate of surface-water 
movement, 
ft. per rain. 

Percentage 

5 

13 

3 

30 

26 

1 

Depth, ft. Approximate percentage of water velocity at surface 

10 

60 


20 

25 



^ Reprinted by permisBion from "The Microacupy of DrinkinK Water," 4th ed., John Wiley & Sone, 
Inc. 


Lakes with large inflow or large outflow, or both, have areas of flowage 
not due to wind action. This is particularly true of those lakes which are 
expansions of a river system through which surface water drifts as a result 
of the general current. 

Returning currents are formed when water is piled up on an exposed 
shore as a result of an onshore wind. Such action raises the water level 
at that position, and, as a result, the excess water may return underneath 
along the bottom. The magnitude and duration of such currents depend 
upon the velocity and duration of the wind. Steady, vigorous, onshore 
winds may set up return currents which extend to the opposite side of the 
lake. During the summer when a lake is thermally stratified and the 
upper portion of the water (epilimnion) is approximately of the same 
temperature and hence of the same density, a strong, steady wind of 
some hours’ duration continually drifts the water upon the exposed 
shore whence, barring special circumstances, the excess water may return 
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down the slope of the basin to a considerable depth. Encountering there 
the colder, denser water of the thermocline region (page 52), this down- 
flowing, returning current is diverted in a horizontal direction and flows 
toward the opposite shore, maintaining a level above the thermocline. 
In such a circulation, the upper stratum of the epilimnion flows toward 
one shore; the lower stratum (the return current) flows toward the 
opposite shore; and the stratum between the two, which is known as 
the shearing plane (Fig. 4), is practically without motion. Whipple 
(1927) found evidence, based upon the use of floats adjusted to different 
levels, that such a return current may also occur in part beneath the 



Fia. 4. Diasram showing character of water circulation in the epilimnion and formation 
of a shearing plane. Difforoniies in length and width of arrows represent differences 
in velocity of water movement. Such a circulation depends upon a wind of sufficient 
velocity and duration to produce it. 

thermocline. If this is true, then the hypolimnion (the region below the 
thermocline) is not so completely devoid of circulation as is sometimes 
supposed. Other workers have found evidences of subthermocline circu- 
lation, the nature of which is as yet little understood (page 56). During 
the spring and fall overturns (pages 49, 59), when the water is of uniform 
density from top to bottom, return currents may extend even to the 
bottom of relatively deep inland lakes. Not all return currents are sub- 
merged. If wave fronts meet the shore line obliquely, the water piled up 
on shore may seek to reestablish the water level by flowing off laterally 
on the surface and along the shore line. Varibus forms of these along- 
shore, return currents, such as lateral whirls or eddies, may result from 
the modifying circumstances of local shore and basin characters. 

Tides. In inland lakes, tides are almost imperceptible, even in the 
Great Lakes. Lake Michigan is said to have a tide of about 5 cm. This 
virtually means that tides in fresh waters are, so far as known, negligible 
phenomena in limnology. 

Seiches. In lakes and along the seacoasts, oscillations of the water 
level occur, under certain circumstances, which are called seiches (pro- 
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nounced sdches). While these phenomena have been known to some 
extent for at least two centuries, Forel (1895) was the first to make an 
extensive study of them. A seiche consists of a local, periodic rise and 
fall of the water level. It is an example of a standing wcoje in which the 
water particles do not travel in circular orbits but the advance and return 
of the particle are in the same path. Any influence which produces a 
temporary, local depression or elevation of water level may produce a 
seiche. Those influences which most commonly produce seiches in lakes 
are (1) winds, temporarily strong, which pile up water on the exposed 
margin of the lake; (2) sudden change in barometric pressure over a por- 
tion of the lake area; (3) earthquakes; (4) landslides; and (5) sudden, very 
heavy rainfall at one end of a lake. Of these, the first seems to be far the 
most common cause, particularly in the smaller inland lakes. A sudden, 
vigorous, summer storm accompanied by high, steady wind, which sub- 
sides as abruptly as it began, piles up water on the exposed shore, thus 
making the water level high at that point and correspondingly low on the 
opposite shore. When the ‘‘blow’' is over, the lake surface begins to 
swing, with alternating rise and fall on each of the two opposite shores, 
the swing diminishing rapidly in amplitude and ultimately disappearing 
completely. 

Each lake has its own period of oscillation depending upon its essential 
dimensions. The amplitude, depending upon the dimensions of the lake 
and the intensity of the initial cause, may vary from a fraction of a centi- 
meter in small lakes to 1 m. or more in large ones. In Lake Geneva, 
Switzerland, it is reported that the amplitude of a seiche may reach about 
2 m. Seiches of considerable magnitude occur on the Great Lakes, 
becoming most noticeable in the protected coves and bays. Seiches on 
Lake Erie sometimes expose, for a short time, the shallow-water bottoms 
along the protected side of the peninsula known as Cedar Point, opposite 
Sandusky, Ohio. For example, it has been reported that on one occasion 
in 1922 the water receded 9 m. from shore line. Seiches in the inland 
lakes, although present, arc seldom if ever seen by the casual observer, 
since their amplitude is so small. Rarely, where local circumstances pro- 
vide the necessary setting, seiches may cause a current to run in and later 
run out through narrow straits or narrowly contracted passages, imitating 
in a slight way the back-and-forth flow of the tide on the seashore through 
narrow passages between islands or other bodies of land near shore. 

Forel (1895) used the following formula for computing the/ period of 
oscillation of a seiche in a lake whose basin has deflnite regularity of 
bottom; 


f « 
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where t = time of one-haJf oscillation in seconds. 

I « length of axis of seiche in meters. 
g = acceleration of gravity (9.809 m./sec.*). 
h depth of water in meters. 

More complicated formulas were worked out for lakes having irregular 
basins. 

Whipple (1927) presents the following formula:' 


3,600 y/dg 

where i = time of oscillation in hours. 

I = length of lake (or length of axis of seiche) in feet. 
d = mean depth in feet along axis of seiche. 
g = acceleration of gravity (32.16 ft./sec.^). 

Whipple states that when this formula is applied to seiche conditions 
in Lake Erie, the calculated period is 14.4 hr., and the interval by direct 
observation is from 14 to 16 hr. 

Forel (1895) showed that seiches are of different forms, as follows: 

1. Longitudinal seiche — one whose axis corresponds with the direction 
of the long axis of the lake. 




Fig. 6. Diagramg indicating the nature of three different kinds of seiches. A represents 
a uninodal geiche; B, a binodal aeiche; and C. a dicrotic seiche, n, n\ nodes; s, surface 
of water when immobile. Vertical arrows indicate extent of the swing or oscillation at the 
positions indicated. {Modified from Ford, 1895.) 

2. Transverse seiche —one whose axis lies in the direction of one of 
the shorter axes of the lake. 

Both longitudinal and transverse seiches are of three forms: 

o. Uninodal — Shaving one node (Fig. 6A). 

6. Binodal — having two nodes (Fig. 5B). 

c. Dicrotic seiche — having two beats (show as two peaks on a limno- 
graph) due to interference of uninodal and binodal seiches (Fig. bC), 

d. Plurinodal — shaving several nodes. 

Lesser known forms of water motion are sometimes called seiches, as, 
for example, the short-period, back-and-forth flow of water through 

* Reprinted by permission from *‘The Microscopy of Drinking Water, 4th ed., 
John Wiley & Sons, Inc. 
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narrow channels in certain localities in very large lakes; and the subsurface 
seiche^ a type which has been postulated as the cause of certain submerged 
currents in Lake Erie. 

Subsurface waves, sometimes produced in large bodies of water, occur 
where subsurface water is denser than the overlying water. A strong, 
localized wind starts an impulse (wave) in the underlying layer of water 
which moves forward in the direction of the wind. As this wave moves 
along, the warmer lighter water just in front of it passes over the crest 
of the wave but in the opposite direction, thus producing a surface current 


LOCALIZED 

WIND 



Fig. 6 . Diagram showing formation of subsurface wave by the action of a temporary, 
localized wind. The wave is in the heavier, underlying water, and moves forward in the 
direction of the wind. Surface water, however, passes over the crest of the submerged 
wave and a surface current may thus be produced agaii^st the wind. {ModifiM from 
Sandstrfhnt 1919 .) 

(Fig. 6) opposite to the direction of the wind. Such surface currents 
running against the wind have been reported from the oceans, the Great 
Lakes, and elsewliere. 

Subsurface seiches usually arise from a temporary displacement of the 
thermoclinc (Fig. 7) by the weight of piled-up surface water on one side 
of a lake due to strong ^vind action. Since the superimposed layers of 
water are of such density that the waters resist mixing, the underlying, 
cold, heavy water will be depressed under the region of temporarily 
accumulated surface waters and will rise to a corresponding degree under 
the opposite shore waters. When calm follows storm, the underlying 
heavy water begins to restore equilibrium by seeking its level again, 
swinging to the other side but going past its original level. A swing in 
the opposite direction ensues, thus setting up a succession of diminishing 
standing waves. Such seiches have been reported many times from 
inland lakes, also from Lake Erie. 

For an extended account of seiches and other forms of deviation in the 
horizontal water level produced in lakes by the wind, the reader is referred 
to Hellstrom (1941); also to Sverdrup et al. (1942) for similar phenomena 
in oceans. 

Molar Agents. Water in motion has a well-known carrying power the 
magnitude of which depends upon (1) velocity of the water; (2) volume 



44 


LIMNOLOGY 


of the water; and (3) nature (shape, size, and specific gravity) of the 
materials carried. All forms of water movement tend to put into action 
what are commonly called ynolar agents, A molar agent in water is 
merely a body either carried in suspension or rolled and pushed about 
by water movements which may not be of sufficient strength to lift it 
completely. In lakes, waves are the principal cause of molar-agent 
action. Their action on the shoals is commonly a combination of the 




Fig. 7. Diagrams showing origin, by wind, and HuV>seqncnt action of a subsurface seiche. 
Arrows indicate tlie character of tlie oscillations. Amount of swing of thermocliiie exag- 
gerated. {Modified from Sandeirdm, 1919.) 


carrying of smaller particles and the rolling on the bottom of the larger 
bodies. The rolling coefficient is commonly expressed as the ratio of 
the surface of a body to its weight. Very finely divided particles of rock 
whose specific gravity is much greater than that of water may, neverthe- 
less, remain in suspension for a time, even after the water has quieted 
down. Molar action, in its various forms, inflicts severe grinding action 
on shores and shoals. In this process, the molar agents themselves suffer 
from the grinding, undergoing constant wear. Substances in suspension 
will he treated more fully in the discussion of turbidity (page 87). 


Surface Film 

When water is exposed to air, it acts as if it were encased within an 
extremely thin, elastic, surface membrane. This boundary is commonly 
known as the surface film and is interpreted as a manifestation of unbal- 
anced molecular action. In the interior of the water, the molecules do 
not exhibit any such phenomena, since in that position they are attracted 
to each other in all directions, neutralize the attraction of one another, 
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and are thus balanced. However, at the surface film, a phenomenon 
called surface tension occurs, due to unbalanced attractions between 
molec;ules at the surface, since the surface molecules are attracted on one 
side only, and upward attraction is lacking because there are no water 
molecules above them. It happens, therefore, that a surface tension 
is produced which acts inwardly, and the molecules act as if they formed 
a tightly stretched, elastic membrane over the water. This surface 
tension diminishes with rise of temperature, and it is also lowered by 
organic substances in solution, although most salts increase it. In pure 
water, it is said to be greater than in any other liquid except mercury. 
Objects which do not wet may be supported on top of this film, even 
though their specific gravity is several times greater than that of the 
underlying water. A time-honored demonstration is the supporting of a 
dry, steel needle on the surface film. The limnologist is accustomed to 
seeing, at times along sandy lake shores, patches of sand floating on the 
surface film. The under surface of the surface film also serves as a 
mechanical support for certain objects in nature. Light rays, impinging 
from above, penetrate it if the angle of incidence is not too great, but 
beyond a certain angle the surface film reflects light. Viewed from below, 
especially at an angle, it appears as an exceedingly smooth, somewhat 
silvery, opaque film. This film is now known to have many limnological 
relations, the more important ones of which will be discussed later. 

Knowledge of surface tension in inland waters is scanty. The only 
paper of consequence appears to be that of Hardman (1941). On the 
basis of 100 measurements made on about 40 Wisconsin lakes, she found 
that (1) only nine consistently maintained a surface tension equal to that 
of pure water; (2) considerable variation occurs in some lakes; (3) sub- 
stances of organic, origin exert a greater influence in depressing surface 
tension than do other chemical factors; (4) no difference was detected 
between the northern soft-water and the southern hard-water lakes of 
Wisconsin; (6) variations in pH of 4.5 to 9.5 did not appear to affect com- 
monly the surface tension unless organic acids were presumed to be 
present; (fi) colored bog lakes often manifested reduced surface tension; 
(7) stagnant water was likely to have reduced surface tension; (8) varia- 
tions caused l:>y temperature changes are usually slight; (9) depressant 
films on water may be blown about by a steady wind thus developing 
local variations in surface tension. Table 3 indicates the amount of 
reduction found in certain kinds of natural situations. 

Masses of foam, sometimes of considerable size, appear occasionally 
along the shore in inland lakes. Hardman observed reduced surface 
tension in regions of foam formation and suggested that the piling up of an 
organic film by a steady, strong, onshore wind operating for several 
hours might cause such an emulsion. 
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Tabli: 3. IIangb of Surface-tension Depressions in Various Situations 

From Hardman 

Surface-tension Depression, 


Situation Dynes per cm. 

Oligotrophic lakes 0-2 

Eutrophic lakes. .. 0-20 

Bog lakes 0-20 

Lakes with foam 2-9 

Near Lemna and lilies 5-20 

During plankton bloom 0-20 


Tempkkature 

Temperature is one of the most important factors in an aquatic environ- 
ment. In fact, it is possible that no other single factor has so many pro- 
found influences and so many direct and indirect effects. It, therefore, 
becomes necessary to give a rather detailed discussion here. Certain 
inherent thermal properties of water will be treated first. 

Specific Heat. Water has the greatest specific heat of all substances, 
except liquid hydrogen and lithium at high temperatures. Since this 
heat capacity is so great, it is used as the standard in expressing specific 
heats of other substances. The heat capacity of water is given the value 
of 1 (i.e., specific heat of water is 1), and the specific heats of other sub- 
stances are recorded as the ratios of their thermal capacities to that of 
water. More specifically, the numerical value of the specific heat of any 
substance is the number of calories of heat necessary to raise the tempera- 
ture of 1 g. of the substance to the extent of 1®C. 

Since the specific heat of water is so great, a lake must absorb vast 
quantities of heat in order to iiuTcasc its temperature by 1®C., and this 
explains the slow rate of warming up of lake water in spring; likewise, its 
slow cooling in autumn is duo to the large amounts of heat which must be 
given off. Thus, it is seen that the response to the major changes in air 
temperatures is a very deliberate one. Water temperatures always lag 
far behind the larger changes of air temperatures. 

Latent Heat of Fusion. Another peculiarity is that before water at 
0®C. can become ice, it must give off a large amount of heat, and, con- 
versely, when ice has just been formed at the freezing point, it must 
absorb a large amount of heat before it can transform into the fluid state. 
Actually, it requires about 80 units of heat to change 1 g. of ice to the 
liquid state when both are at 0°C. The heat thus involved is called 
latent heat of fusion. From the statement just made, it follows that the 
amount of heat required merely to convert ice into water with no change 
of temperature would, after the conversion has occurred, raise the tem- 
perature of the same amount of water about 80®C. Latent heat of fusion 
is thus eighty times greater than the specific heat, although the specific 
heat of water is greater than that of all other substances save two. 



PHYSICAL CONDITIONS AND RELATED PHENOMENA 


47 


Combined Effect of Specific Heat and Latent Heat of Fusion, In lakes 
and other natural waters, the cooling of water in autumn with subsequent 
ice formation in winter and the disappearance of ice followed by warming 
up of the water in spring involve interchanges with the air of vast quan- 
tities of heat. As a consequence, the changes of water temperature are 
slow. In northern Michigan, for example, where the winter comes early, 
the larger inland lakes may not freeze over until December or early 
January; while in spring, the ice may not disappear completely until 
April. 

Evaporation. Water, including ice and snow, evaporates at all environ- 
mental temperatures. In evaporation heat is consumed. That quantity 
of heat necessary to convert 1 g. of water at 100°C. into steam without 
altering the temperature of the latter is known as latent heat of evaporation, 
sometimes called heat of vaporization. Water has the remarkable peculi- 
arity of requiring 536 heat units for this conversion, a quantity of heat 
much greater than that of many other liquids. When evaporation occurs, 
the necessary heat required to make the change from water to steam must 
come from somewhere. It may come from some source of high tempera- 
ture, such as the sun; it may be withdrawn from the water itself from 
bodies in or around it, thus lowering their temperature. Rate of evapora- 
tion is determined by several factors usually acting simultaneously, viz., 
temperature, relative amount of free surface of the water, vapor pressure, 
barometric pressure, and amount of wind action. The manner in which 
these factors operate is too well known to require description here. Still 
another factor, viz., quality of the water, sometimes affects evaporation 
in a significant way. According to Harding (1942), the rate of evapora- 
tion of water decreases about 1 per cent for each 1 per cent increase in 
salt content until such content reaches about 30 per cent. Sea water 

would be expected to have a rate of evaporation about 2 to 3 per cent 
less than that of similarly exposed fresh water.” It would thus seem 
that in various inland saline waters evaporation is significantly slower 
than in comparable fresh waters. There appears to be little information 
available as to the extent to which rate of evaporation is affected by 
substances in solution in the so-called fresh waters; possibly, for limno- 
logical purposes, the effect is commonly negligible. 

The removal of heat by vaporization of water in nature goes on more or 
less continuously and plays an important part in the heat cycle of water 
and the superimposed air. 

Thermal Conductivity. The thermal conductivity of water is very 
low. If the water of a lake were heated only by conduction from the 
surface, the whole thermal complex would be radically different. Heat- 
ing of water artificially by conduction alone would alter man’s whole 
economic scheme. The influence of conduction in the transmission and 
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distribution of heat, compared with certain other factors, is distinctly 
minor. Heat coming to a lake from the sun is partly absorbed and to 
some extent conducted, but the really effective heat distribution is due 
to wind action in agitating the water and, to a much more limited extent, 
to convection currents. 

Convection. When water in a beaker is heated by a flame placed 
below it, those portions of water first heated expand and rise while the 
upper, colder, denser (and therefore heavier) portions sink. If the heat 
supply continues for some time, there are thus set up ascending and 
descending currents, by means of which heat is carried all through the 
total water mass. This form of heat distribution is known as convection. 
Most forms of artificial heating of water are of this type. It should be 
noted, however, that the relation of the sun to a lake surface is just the 
reverse of that of a beaker and flame, since the source of heat is above 
instead of below; and it might appear at first thought that no convection 
currents would result, since the water being heated is already at the 
surface. However, convection does occur under the following condi- 
tions: (1) cooling and sinking of surface water, as when the sun sets and 
under conditions of falling air temperature; (2) entry of colder water from 
a surface tributary; (3) cooling of surface water with the passing of 
autumn into winter; (4) alternations of cloudy and clear skies; (5) alterna- 
tions of winds and calm; (G) entry of cooler subterranean water at a high 
level in the basin; (7) advent of a cold rain; and (8) cooling of the surface 
water by evaporation. These and other possible (jonditions produce a 
situation in which convection currents are in action most of the time in 
surface waters at least during the open season. 

Thermal Relations of Ice. When water has reached a temperature 
of 0®C. and has given up the large amount of latent heat of fusion, it 
changes its physical state and becomes ice. In so doing, certain other 
significant thermal changes suddenly come into existence. The ice 
expands (coefficient of expansion = 1.125), and its density becomes less 
(0.917), thereby becoming lighter than the underlying water, and hence 
it floats. The specific heat is only about one-half that of the water from 
which it was formed (0.505 at temperature 0 to ~-21°C.), but the thermal 
conductivity becomes twice as great (0.005): Transmission of sun\s 
heat to the water through the ice in winter will be discussed in another 
place (page 81), but it should be pointed out here that while it might 
appear that because of its reduced specific heat and its increased con- 
ductivity the ice would facilitate passage of heat from the water to the 
colder air in winter, only a relatively small amount of heat is actually 
lost in this way. The thermal conductivity of ice, even though twice 
that of water, is nevertheless relatively ineffective, and the ice cover 
seriously interferes with the passage of heat from water to the air. ' 
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General Effect of Thermal Relations. It is apparent from the previous 
discussion that, thermally, water is unique in a number of respects. 
Upon these unique features rests the explanation of many phenomena in 
aquatic biology. It is interesting to speculate on the nature of that 
aquatic world which would have existed if specific heat, latent heat of 
fusion, and latent heat of evaporation were smaller than they are at 
present or if density and temperature relations of ice were not as they are. 
Under present circumstances, water in nature is a great storehouse of heat 
without at the same time becoming a menace to the adjustments of life to 
temperature as they now exist. 

Thermal Stratification. In the deeper lakes, a seasonal, thermal 
phenomenon occurs which is so profound and so far-reaching in its influ- 
ence that it forms, directly and indirectly, the substructure upon which 
the whole biological framework rests, particularly in the temperate zone. 
Therefore, a clear understanding of the salient features of thermal stratijl- 
cation is a necessity. The cycle of events now to be described is the 
normal expectation in temperate lakes of the second order (page 64). 
The description will begin arbitrarily with the spring overturn (Fig. 8). 

Spring Overturn. If a vertical series of temperature records is taken 
at regular intervals of depth from surface to bottom just before the ice 
cover goes off, it will be found that the temperature of the water just 
under the ice is very near the freezing point and that at successive depths 
it is gradually and very slightly warmer. Bottom-water temperatures 
differ somewhat in different lakes and according to conditions described 
later (page 61), but they tend to be near the temperature of maximum 
density (4°C.), This condition is one in which the colder but lighter 
(less dense) water is on top of warmer but heavier water at the bottom. 
With the coming of spring and its gradually rising air temperatures, the 
ice begins to disappear, and the surface water rises in temperature. 
When the surface water rises to 4°C., or thereabouts, heavier water is now 
produced on top of the lighter water immediately below, and the former 
tends to sink through the latter, the mixing often being aided by spring 
winds. In this process, the underlying colder but lighter water tends to 
rise to the surface where it, in turn, is warmed up to a temperature of 4®C. 
and then sinks if there still remains any colder but lighter water below. 
This continues until the whole lake becomes homothermous (of the same 
temperature throughout from surface to bottom) and therefore of the 
same density. Being now of the same density throughout, the whole 
lake, under the influence of spring winds, will circulate or mix from surface 
to bottom, producing the phenomenon known as the spring overturn^ or 
the spring circulation. Thermal resistance is at a minimum, and rela- 
tively light winds may cause complete circulation. Mixing by convection 
has become essentially nil, except at night when the surface layer cools 
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and tends to sink, the convection currents so produced pla 3 dng a part in 
mixing some of the upper water only. Rise of temperature of the lake 
to 4®C., after the disappearance of ice, may take place in a few days. 

Disappearance of the permanent ice cover of winter now exposes 
surface water to the atmosphere. Surface water then slowly gains heat. 
The slightly warmed water, reaching a temperature above 4®C., is lighter 
than the underlying water mass and if immobile will remain at the top. 



Fia. 8. Diagrams showing essential temperature relations in a temperate lake of the 
second order, during the fom- principal seasons. Numbers to the right of each diagram 
represent the temperature conditions from surface to bottom expressed in degrees centi- 
grade. Various detailed values used in these diagrams, such as depths, temperature decline 
in the thermocline, and temperature distribution, differ in different lakes, but the essential 
features in this seasonal cycle remain the same in temperate lakes of the second order. 


However, the difference in density between surface and underlying water 
is very slight, and resistance to mixing is correspondingly small. This 
resistance is known as thermal resistance. When thermal resistance is 
small, the amount of work required to mix the lighter, warmer water with 
the heavier, colder underlying water is minimal. For example, it 
requires only 0.0067 erg to mix a column of water 1 sq. cm. in transverse 
area and 1 m. high in which the temperature gradient is uniform and 
whose upper surface has a temperature of 5®C. and its lower surface a 
temperature of 4®C. Thus a tiny breeze can stir this lighter water into 
the heavier water. Heavy winds, common in spring, c.ontinue to circu- 
late the whole lake. As the slow heating process at the surface continues 
and the thermal resistance remains small at all horizontal levels, warmer 
water may be mixed all the way to the bottom. Consequently, the 
temperature of bottom water also slowly rises as spring advances. Heat 
intake at the surface accelerates as spring advances, owing primarily to 
increasing length of day and increasing verticalness of the sun. Pres- 
ently, the rate of heat intake by surface water begins to outrun the 
ability of average winds to continue mixing warmer water into under- 
l 3 dng colder waters, thus setting up differences of thermal resistance of 
increasing magnitude at various horizontal levels. By late spring or early 
summer these differences in thermal resistance finally become too great 
to be overcome by existing winds, and mixing of the whole water mass 
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ceases. This marks the end of the spring overturn. During this over- 
turn period the temperature of bottom water may have been built up to a 
level several degrees above the initial 4°C. For example, in one of the 
submerged depressions in Douglas Lake, Michigan, bottom temperatures 
(depth 22 m.) at the end of the spring overturn, period of 1939-1948, were 
successively as follows: 7.5, 5.4, 6.2, 7.0, 8.3, 6.0, 9.5, 9.7, 7.8, 10.0®C. 
Thus the initial bottom-water temperature for the subsequent summer 
stagnation period is determined. On some occasions it may happen in a 
temperate lake of the second order that, because of unusually vigorous 
and long protracted wind action, bottom temperature builds up so high 
that the thermal resistance between top and bottom water is too slight 
to overcome wind action at the surface. Then circulation of the water 
mass continues more or less all summer. For example, in Douglas Lake, 
Michigan, which stratifies thermally in summer with great regularity, 
peculiar spring meteorological conditions in 1918 built up the bottom 
temperature to 15®C. in June, thus leaving but a very few degrees differ- 
ence in temperature between top and bottom, and no stratification 
occurred during that summer. 

Stratification^ As stated above, the spring overturn is terminated 
when accelerating heat intake at the surface leads to the formation of a 
vertical temperature gradient within which the thermal resistance 
becomes too great for the existing winds to continue mixing the whole 
water mass. Then the circulation becomes partial and increasingly con- 
fined to the upper water. As the surface-water temperature continues 
to rise and becomes correspondingly lighter, more and more thermal 
resistance is offered to a mixing by wind action of surface water with the 
lower heavier water, until the situation arises when surface-water tem- 
perature is much higher than that of underlying water, possibly a differ- 
ence of 10°C. or more. Then only surface water can be circulated by the 
wind. Coincident with this situation, or shortly thereafter, a thermal 
stratification comes into existence. A series of vertical temperature 
records taken at regular and frequent depth intervals from top to bottom, 
using apparatus suitable for such work, would show (1) the upper layer 
of the lake, known as the epilimnion, in which the water temperature is 
essentially uniform; (2) a stratum next below, known as the thermocline 
in which there is a phenomenal drop in temperature per unit of depth; 
and (3) the lowermost region or stratum, known as the hypolimnion, in 
which the temperature from its upper limit to the bottom /is nearly 
uniform. 

The transition from spring overturn to thermal stratification is a 
struggle for supremacy between the two events. It is a direct reflection 
of events in the atmosphere. Incipient stratification develops only to be 
dispersed within the next few hours by rising wind. Temporary thermo- 
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dines may form, disappear, re-form possibly at some other level, and 
disappear again. Late in the transition period, two or three thermoclines 
sometimes form along the same vertical temperature gradient one above 
the other; these may be broken up by a vigorous storm, or, if weather 
conditions permit, they may consolidate later to form the permanent 
thermocline. Occasionally a temporary thermocline may last for several 
days before it is dispersed. 

The dates of beginning and ending of the spring overturn vary from 
year to year. In Michigan this overturn usually has a duration of about 
4 to 6 weeks. In some lakes and under unusual circumstances the over- 
turn may extend much beyond these limits; e.g., the writer has records of 
spring overturns which lasted 7 to 13 weeks. The long extent of the 
overturn usually provides ample opportunity for the whole water mass to 
become thoroughly mixed and circulated. 

Occasionally, and under the following special circumstances, an incowr- 
plete or partial overturn may occur: (1) larger inland lakes with unusually 
great depths, (2) small lakes with depths much greater than ordinary 
ones, (3) small lakes of ordinary depth under the influence of calm weather 
and a spring season of rapidly rising air temperatures, and (4) small lakes 
unusually well sheltered from the wind. In the first instance (1), unusu- 
ally great depth alone imposes a possible difficulty to a complete mixing 
at the bottom. The second condition (2) is one in which the area is too 
small to permit sufficient w’ind action to produce complete circulation. 
In the third instance (3), a combination of a calm period with rapidly 
rising air temperature may cause the surface water to become warm 
enough, and hence light enough, to make it impossible for subsequent 
winds to force the upper water very far into the heavier, underlying 
water. Under the last condition (4), virtual absence of wind action 
leaves only the mixing due to convection. 

Epilimnion. The epilimnion, being almost homothermous through- 
out, is tlie zone of summer circulation. Because of this circulation, any 
significant changes in air temperatures are followed, to some extent, by 
the water of the epilimnion, so that there may be periods of thermal rise 
or fall, within summer limits, of the whole stratum. 

Thermocline. The most unique stratum ^s the thermocline. When 
once formed, the demarcation between epilimnion and thermocline is very 
distinct. The water of the epilimnion, with its almost uniform tempera- 
tures, is rather abruptly succeeded (Fig. 9) by a layer of water in which 
the fall in temperature throughout its whole thickness is very rapid. 
This sudden transition from epilimnion to thermocline is often very 
abrupt. Wlien a series of vertical temperature records taken during 
conditions of thermal stratification is plotted in the form of a curve, it 
will be seen that the part of the curve representing the epilimnion rounds 
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off into the part representing the thermocline, so that there is, even in 
the sharpest of thermocline formations, a small transition stratum. 
Therefore, any rule to determine the exact position of the upper limit 
of the thermocline would be arbitrary. However, the need for a standard 
practice in recording thermocline position led Birge to formulate, about 
forty-five years ago, the rule which is now widely followed. The essential 



Kio. 9. Curve representing a typical vertical distribution of temperature during the 
summer stagnation period in a temperate lake of the sec'.ond order. The form of the curve 
is characteristic of the usual condition in thermal stratification. 


feature of this rule is that where the fall in temperature with increasing 
depth from the surface is less than 1°C. per m, (0.548®F. per ft.), that 
position is still within the epilimnion; but where the temperature decline 
becomes 1®(7. per m. of depth, that circumstance marks the upper limit 
of the thermocline; and, finally, the lower limit of the thermocline is 
similarly determined but in the reverse order, viz., where the drop in 
temperature with increasing depth first becomes less than l°C, per m. It 
should be noted that the typical transition from thermocline to hypo- 
iimnion is more gradual than that from epilimnion to thermocline, and 
the demarcation established by the rule described above is to that extent 
a more arbitrary one. 

The fall of temperature within the thermocline varies with different 
lakes, with different seasons, and with the progress of the summer. Tem- 
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perature changes as great as 7.8°C. per foot have been recorded, but it is 
probable that such extreme drops are very rare. In fact, the author has 
never met conditions, in many hundreds of temperature records taken on 
many diverse lakes, in which the temperature fall exceeded about 5.6®C. 
per foot. Temperature fall in the thermocline is not uniform but is com- 
monly greater in the upper levels. 

The initial date of definite thermal stratification varies with different 
lakes, with latitude, with altitude, with meteorological differences in the 
same latitudes, with physiographic characters, with different submerged 
depressions, and with different seasons. Seasonal differences in the same 
lake are often striking, as, for example, in certain northern Michigan 
lakes, the date of beginning of thermal stratification has varied, during a 
period of fifteen years, from late May in one season to the last week in 
July in another. In the early stages of formation, thermal stratification 
may appear temporarily, only to disappear again under the influence of 
increased wind action. The date of permanent stratification is, to a large 
extent, determined by the area of the lake, the date usually being earlier 
in the smaller lakes within the same region. 

Ordinarily, the thermocline forms first as a relatively thick stratum, 
often with its upper limit not very remote from the surface, and the lower 
limit quite deep. In Douglas Lake, Michigan, it is not uncommon for 
tlie initial thermocline limits to be about 4 to 18 m. The decline of 
temperature per unit of depth is less than it will be later in the season, 
although suflScient to qualify the whole stratum as a thermocline. Some- 
times, the thermocline originates as two or three thermoclines, one above 
the other, which subsequently fuse to form one thermociline. Once 
formed, the thermocline undergoes a gradual seasonal change as the 
summer progresses. Its upper limit gradually drops in depth, thus 
increasing the volume of the epilimnion and reducing the thermocline 
volume. Likewise, the lower limit may rise in position for a time, but 
the amount of rise is usually slight. In the record mentioned above 
(initial thermocline position at aV>out 4 to 18 m.), the thermocline position 
was about 12 to 17 m. by the middle of August, with the concentration 
still continuing; also the drop in temperature per unit of depth had 
doubled. In some instances, this concentration may reduce the thick- 
ness of the thermocline to 1 m. or less just before the autumn overturn, 
and the descent of the upper limit of the thermocline may be such as to 
increase the epilimnion four or five times its original volume. Not 
infrequently, the thermocline manifests, in addition to its concentration, 
a gradual sinking of its median plane so that the whole thermocline is 
dropping to a lower and lower depth level, a process which continues until 
the overturn. In the subsequent discussion of chemical stratification 
and its relation to the productivity of the lake (page 125), it will be shown 
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that this sinking of the upper limit of the thermocline has a compensating 
effect on biological production. It should be noted that there are excep- 
tions to the seasonal history just described, but it represents the ordinary 
expectation in temperate lakes of the second order. 

The general position of the thermocline for the whole summer depends 
a great deal upon the area over which the wind has full opportunity to 
exert its influence. In lakes having similar conditions of depth, exposure, 
altitude, location, and so on, the smaller the surface area the higher the 
thermocline position. Irregular lakes with long ramifying arms and lakes 
containing islands of unusual size or number may have a total area of 
considerable size, but the areas of free wind sweep may be very much 
reduced and thus acjtually be less exposed than many smaller lakes; also 
the thermocline position may be high. In a certain small, ovoid Michigan 
lake, about 305 X 215 m. and approximately 18 m. in depth, the thermo- 
cline position at the end of August, 1926, was 2 to 6 m. In this lake, the 
epilimnion is of very small volume throughout the season, while the 
h 3 ’^polimnion has a relatively large volume. 

A secondary thermocline is sometimes formed but is never permanent, 
lasting, ordinarily, but a short time. Such a phenomenon may occur 
when the primary thermocline is deep and when the epilimnion shows a 
difference of several degrees of temperature between the surfa(;e and its 
lower limit. Such a thermocline is a thin one, and the drop of tempera- 
ture per unit of depth is small although sufficient to qualify as thermocline 
conditions. So far as known, it is alvrays formed above the primary 
thermocline. As many as three thermocline strata may be present 
temporarily, when thermal stratification conditions are just taking form. 

It must not be assumed that because thermocline formation is found 
in a certain lake it is an invariable feature. Since meteorological condi- 
tions arc intimately (joncerned with thermal stratification, they may 
actually be of such a nature during the spring and early summer of a 
particular season as to prevent completely any stratification. There 
are, of course, all gradations between those lakes which are too shallow 
to stratify permanently in the summer and those whose depths are such 
that stratification is certain. Among these intergradcs are lakes whose 
depths are just great enough to establish thermal stratification during 
a calm spring and summer but which would not stratify during more 
blustery seasons. Such intermediates would, over an extensive series of 
years, show about an equal number of stratified and unstratified condi- 
tions. However, in lakes whose depth-area relations are such that 
thermal stratification is the regular expectation, exceptional meteoro- 
logical conditions may, at more or less rare intervals, prevent stratification 
completely. In one Michigan lake, whose summer thermal history has 
been followed carefully, thermal stratification was absent for one out of 37 
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summers^ the exceptional instance being due, apparently, to an unusually 
regular series of spring and early summer storms, spaced at intervals of 
about one week and of suflScient vigor to circulate the water and gradually 
to raise the bottom-water temperature far above the normal condition, so 
that finally the contrast (thermal resistance) between bottom- and 
surface-water temperatures was not great enough to prevent summer 
circulation from affecting the whole lake. The very deep inland lakes 
are probably never subject to this occasional absence of stratification. 

Vertical oscillations of the thermocline are not uncommon. Vertical 
temperature records taken at regular and frequent intervals sometimes 
show the upper surface of the thermocline at one level at one time and 
at another level a short time later. Such oscillations are usually the 
result of violent summer squalls which pile up surface water on the 
exposed side of the lake, the increased weight of the water depressing 
the thermocline locally. When calm follows, the colder, heavier water 
of the thermocline and hypolimnion returns to its former position as 
the surface water again seeks its normal level, but in so doing a swing 
is set up which continues for a time. Thus, the thermocline rises and 
falls with decreasing amplitude until, with continued calm, it may finally 
manifest only very minor swings, which may be due to irregular currents 
in the hypolimnion resulting from the original major movement. These 
swings of the thermally stratified water constitute a temperature seiche. 

Hypolimnion. One of the principal influences of the thermocline, 
when once permanently formed, is to isolate the hypolimnion from the 
epilimnion and its circulation. While it is (ilaimed that under some 
circumstances a certain amount of water from the epilimnion may be 
forced down into the hypolimnion and a minor, subthermocline circula- 
tion thus set up, the thermocline constitutes an effective barrier against 
influences or disturbances originating at the surface. Subsurface seiches 
may swing hypolimnion waters from side to side, and, in those special 
cases in which subterranean water supplies enter the lake basin below 
the thermocline, the hypolimnion may show deviations from the usual 
condition. Alsterborg and others claim that the wind not only causes 
circulation of the epilimnion but also produces secondary and tertiary 
horizontal currents in the hypolimnion (Fdg. 10). Subthermocline 
movements are greatly in need of further study. 

A small but definite rise of temperature during the summer at the 
bottom of the hypolimnion has been observed (Welch, 1927) in certain 
lakes. The increment seems always to be of a gradual nature. The total 
temperature increase for the season is usually small. In Douglas Lake, 
Michigan, where it is known to occur, it is not a regular event, but appears 
to be absent during some summers. No satisfactory explanation of these 
heat gains is yet available. 
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Modifications of Thermal Stratification. While the type of thermal 
stratification just described prevails, so far as is known, for the vast 
majority of North American temperate lakes of the first and second orders 
(page 63), various modifications may occur either temporarily or 
permanently. Some of them are as follows: 

1. Thermocline at the surface. In such an instance, temperature 
decline of thermocline magnitude begins at the surface, extends to some 
depth, and gives place to a typical hypolimnion. The epilimnion is thus 
eliminated. It is sometimes argued that such a condition should not be 
designated as a thermocline. However, since it is typical in all respects 



Fig. 10. Diagrani representing Alsterberg’s conclusions with reference to movements of 
water in the hypolimnion induced by wind-produced circulation of the epilimnion. {Re- 
drawn from Alaterherg, 1927.) 


save the presence of its upper limit at the surface, there seems to be some 
justification in regarding it as a thermocline. The writer has found this 
phenomenon only as a temporary condition. It is said to appear occa- 
sionally as a local and temporary phenomenon in I^ake Erie. An exten- 
sive calm seems to be a necessary element in the existence of such a 
situation. Ordinarily, it is of rare occurrence. 

2. Diminutive stratification. Under special conditions, very shallow 
water, sometimes not more than 0.5 m. in depth, may show a typical 
diminutive thermal stratification. Complete protection from surface 
disturbance, as, for example, in a small, almost completely inclosed cove, 
and certain bottom conditions which seemed to function in helping to 
keep the bottom water cold (large amounts of semisuspended and sus- 
pended materials) appear to be important factors in those instances 
observed by the writer. 

3. Partial or complete absence of thermal stratification in lakes having 
large inflow of cold, heavy, mountain water and large outflow. Certain 
lakes of northern Italy are said to lack the typical thermal stratification 
for this reason. 
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4. Submerged depression individuality. In lake basins which contain, 
in the general basin, isolated depressions separated completely from each 
other by relatively shallow water, it may happen that each depression 
acts as a separate unit or as if it were a separate lake, except that all such 
depressions in the same lake possess essentially the same epilimnion. 
Each depression may have its own thermocline which differs in position 
and thickness in the different depressions, and each depression may have 



Fio. 11, Diagram showing depression individuality in thermal atratifieation as exempli- 
fied in Douglas Lake, Michigan, Aug. 12, 1922. Kach vertical column represents a vertical 
section through the region of inaxiiriurn depth of each of tin* seven, isolated, submerged 
depressions within the main lake basin. Shaded blocks in each column indicate the posi- 
tions of the thermocline. Each depression is acting independently. Letters at top of 
columns are abbreviations for names of the depressions. One depression (JtP) shows both a 
primary and a secondary thermocline on this date. 


its own individual seasonal history. Furthermore, certain depressions 
may stratify thermally, while certain ones nearby and of similar depth 
and exposure may not stratify at all. Douglas Lake, Michigan (Fig. 11), 
manifests this depression individuality in a striking way in its six, major, 
submerged depressions, and instances in other lakes are now known. 
Obviously, temperature records made in one depression of a multiple- 
depression lake basin would not give a correct picture of conditions in 
that lake. 

Terminology of Thermal Stratification. The terms epilimnion and hypo- 
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limnion were first proposed by Birge in 1910 and have had almost uni- 
versal adoption in work on lakes, but several names are applied to the 
thermocline. The term ihermodine was first used by Birge in 1897 as 
equivalent to the German term Sprungschicht employed earlier by 
Richter. Later, Weddcrbum proposed the term discontinuity layer. 
Since then, the terms transition zone, mcsolimnion, and metalimnion have 
been proposed. It is sometimes referred to in French as the couche de 
saut thermique. However, the term thermocline is now so widely used 
that it will probably continue to be the approved designation. 

Since the terms epilimnion and hypolimnion, because of their deriva- 
tion, arc not strictly applicable to the sea where thermal stratification is 
occasionally found, Atkins (1925) has proposed the term epithalassa for 
the upper stratum and hypothalassa for the lowest stratum of the sea but 
retaining the term thermocline for the intermediate stratum. 

Summer Stagnation Period. When thermal stratification is perma- 
nently established, the lake enters upon what is known as the summer 
stagnation period, so named, probably, because the water of the hypo- 
limnion becomes ‘‘stagnated” for the summer and at least part of the 
autumn. Birge has expressed the (jondition of the summer stagnation 
period as follows: 

During the summer, then, our typical northern lakes really consist of two 
lakes, one superimposed on the other: first, the lake above the thermocline, 
\\hos('. temperature is high and whose water is kept in active movement by the 
wind ; and below this, the stagnant mass of water below the thermocline, having a 
low temjierature, denser and more viscous than the upper water, in which the 
gaseous and other j)roducts of decomposition are accumulating and from which 
they are only slowly and partially discharged. 

The (jhemical and other changes which result from this stagnation will 
be described later (page 124). 

Fall Overturn. With the passing of summer and early autumn, declin- 
ing air temperatures begin to cause a cooling of the surface waters of the 
lake. Water thus cooled and rendered heavier sinks, and convection cur- 
rents are set up so that the temperature throughout the epilimnion is 
equalized and lowered. This lowering of temperature progresses until 
the epilimnion comes to have as low temperature as has the upper part of 
the thermocline; then successively it attains the same temperature as the 
various deeper levels in the thermocline, and finally it drops to the same 
temperature level as the hypolimnion, and then the whole lake becomes 
homothermous and consequently of the same density. Conditions are 
now such that wind action can circulate the water from top to bottom, 
with the result that the whole lake takes on a uniform character in all of 
its various strata. 
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If the hypolimnion maintains during the summer a temperature higher 
than 4®C., the overturn will begin when the water of the epilimnion and 
thermocline falls to that higher temperature, but the circulation will con- 
tinue while the whole lake cools down to 4®C. by the formation, sinking, 
and mixing of colder, heavier water at the surface. Essentially, the fall 
overturn is a repetition of the spring overturn, the only outstanding 
difference being that the former is terminated by declining air tempera- 
tures and not by increasing temperatures. That the total mass of water 
is stirred thoroughly in a complete, typical overturn is clearly demon- 
strated by the resulting physical, chemical, and, to a certain extent, 
biological uniformity of the water during the period of the overturn. 

Like the spring overturn, the fall overturn usually continues for a con- 
siderable but variable period. In Michigan lakes the period is known to 
have a variation of 3 to 8 weeks. Its duration depends upon the general 
rate of decline of air temperatures. Seasons vary greatly with respect to 
the date of onset of ice cover. Delayed ice cover usually results in pro- 
longed fall overturn. A fall-overturn period of several weeks and the 
usual autumn winds ensure that again the lake is thoroughly mixed from 
top to bottom. 

Winter Stagnation Period, Declining air temperatures in early winter 
lower the temperature of the surface water until it falls below 4°C., after 
which the water becomes colder but progressively lighter. Being lighter, 
it no longer sinks but remains at the surface. When compared with the 
summer stagnation period, the temperature conditions are just the 
reverse- the warmer water is at the bottom with the cold water on top — 
but with respect to demity the conditions are the same, i.e., the lighter 
water is at the*, top. Ultimately, the permanent ice cover forms on the 
surface and blankets off the lake completely from wind disturbances; then 
the whole lake resembles, in a general way, the hypolimnion of the sum- 
mer stagnation period. 

Coleman (1922) describes the consequences which would result if that 
peculiar property of water of becoming lighter instead of heavier on cooling 
below 4®C. were absent as follows : 

If water followed the usual law when cooled below 39.2® (4®C.), it would sink 
to the bottom instead of remaining at the surface, and at length the whole body 
of water would reach the freezing point of 32® (0°C.‘), when ice would be formed 
and, being heavier than water, would accumulate at the bottom. During a long 
winter, the whole lake would be transformed into a solid block of ice . . , Some 
of the surface ice would thaw in the summer, but in deep lakes the lower parts 
would be perpetually frozen. 

A very thin layer of water just below the ice is near freezing tempera- 
ture, and, for a relatively short distance below, the rise in temperature is 
rapid, up to about 3°C. From that point on to the bottom, the rise in 
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temperature may be very slight. This vertical temperature distribution, 
when plotted in the usual way, gives a graph which in mere form has a 
certain resemblance to the curve of thermal distribution during the sum- 
mer stagnation period, except that the curve is reversed and lacks the 
epilimnion portion. This condition is sometimes spoken of as an inverse 
stratificationy but it falls far short of the stratification of the summer 
period, and it is an open question whether it should be referred to as a 
true stratification. 

The temperature of the bottom waters, during this period, depends 
upon local circumstances. In the deeper lakes, it tends to be at or near 
the temperature of maximum density (4.0°C.); in shallow lakes, it is 
likely to be colder than 4°C., although exceptions may occur. Gain of 
heat through the ice and exchange of heat with the basin will be discussed 
later (pages 71, 72). Certain very important, far-reaching chemical and 
biological changes occur during the winter stagnation period which, in 
some respects, represent a close parallel to those of the summer stagnation 
period. These will also be described in a subsequent chapter (page 130). 

Thermal Stratification in the Great Lakes and Larger Bodies of Water, 
That large bodies of water tend to manifest thermal stratification seems 
evident from what is now known. However, the great mass of water 
makes possible certain influences not present to any important degree in 
inland lakes, as, for example, the much greater depths to which wave 
action may extend, and the existence of vertical currents of considerable 
magnitude. Such influcncies, particularly the large vertical currents, 
interrupt a thermal stratification or prevent it from forming. While 
the whole subject of thermal stratification in vast bodies of water is still 
in a formative stage, it appears that in such waters there is no continuous 
thermocline extending from one shore to the other, as is the case in the 
inland lakes of the first and second orders, but instead it is formed only in 
certain regions. A well-defined thermocline was found in the eastern 
portion of Lake Erie (Parmenter, 1929) and in Lake Michigan (Church 
1942, 1945). Eddy (1943) found no thermocline in western Lake 
Superior. Regional thermoclines may occur at certain times and places, 
in the Great Lakes. Some idea of temperature conditions in certain of 
the Great Lakes may be obtained from the fact that summer records from 
the deeper parts show bottom temperatures at or very near 4°C. ; also that 
the surface waters of Lakes Ontario, Erie, Michigan, and Huron usually 
warm up in summer to about 20°C. (variations in both directions) so 
that the difference between bottom and surface temperature is ample for 
the formation of thermal stratification, whenever the disturbing influences 
of such vast lakes will permit. In Lake Superior, surface temperatures in 
summer are ordinarily somewhat lower, but even there regional thermal 
stratification may occur. 
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It has been found that the temperature of the lowermost water in 
certain deep lakes is behw 4®C. Kemmercr, Bovard, and Boorman (1923) 
reported that in Crater Lake, Oregon, the water temperatures decreased 
from 3.9® at 100 m. depth to 3.5®C. at 600 m. depth. Similar phenomena 
have long been known for the very deep waters of certain European lakes, 
and similar ones have been found in the Great Lakes (Wright, 1931; 
Eddy, 1943) and in certain Japanese lakes (Yoshimura, 1932). Without 
doubt, this reduction of temperature below 4°C. is the result of pressure. 
Physicists have already established the fact that water at maximum 
density under pressure exhibits temperatures below 4®. However, since 
the abyssal temperatures are not so low as those which accompany the 
physical effects of pressure on pure water under experimental conditions, 
deep-water temperatures may l>e the outcome of pressure modified by 
other influences not yet understood. 

It is interesting to note here that thermal stratification occurs, at least 
to a limited extent, in the oceans. It is a well-developed phenomenon in 
the English Channel where a definite thermocline occurs at times during 
the summer; also in October or November, the waters become homo- 
thermous from top to bottom. Oceanographic literature contains several 
records of vertic^al temperature distribution in the open ocean which when 
plotted in the usual way yield curves whose shape is that of a typical 
thermal stratifi(*ation curve. Hentschel reported a thermocline in the 
Atlantic Ocean at a depth of 1(K) m. 

Thermal l^tralijication in Tropical Lakes, It has been reported (Rutt- 
ner, 1931) that in tropical East India (Java, Sumatra, and elsewhere), 
smaller lakes with areas of about 0.4 to 0.8 sq. mile have distinct thermo- 
clines but that in larger lakes where the wind action has greater effect, 
thermal stratification is less marked. It should be noted, however, that 
while it is claimed that thermal stratification occurs, and while Ruttner’s 
curves are so drawn that they have the characteristic shape of an epi- 
limnion-thermocliiie-hypolimnion curve, the fall in temperature within 
the region referred to as the thermocline fails to qualify as a thermocline 
under Birge’s rule (temperature decline of 1°C. or more per meter). 
During the period over which these lakes were studied by Ruttner, the 
contrast between bottom and surface temperatures was only about 4.5®C., 
sometimes less, even in lakes of considerable depths. The thermal resist- 
ance is, therefore, small, and this so-called thermal stratification is easily 
eliminated by wind action. If Ruttner’s curves had been so drawn that 
the space units on both ordinates and abscissas were of equal dimension, 
as is commonly done, the curves would have little resemblance to those 
representing a typical thermal stratification. Examinations of tropical 
African lakes (Worthington and Beadle, 1932) have demonstrated no 
thermoclines in large ones, such as Lake Rudolph, I..ake Victoria Nyanza, 
and others, although in one large lake (Lake Edward; area, 580 sq. miles; 
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depth, 117 m.), a definite thermocline at 40 to 66 m. was found. But this 
is interpreted by the discoverers not as a true thermocline but as due to a 
heavier layer of more saline water introduced by rivers from surrounding 
volcanic regions or from underground sources and prevented from mixing 
by its greater density. 

A few limnologists find objections to Birge’s definition of the limits of a 
thermocline. Some of them contend that a stratum of water, irrespective 
of the amount of fall of temperature within it, be it ever so slight, which 
contains sufficient density difference (thermal resistance) to establish any 
kind of thermal stratification should be designated as a thermocline. 
Such an interpretation provides no specific limits and inevitably leads to 
uncertainty. An extreme departure from common usage is that of 
Hutchinson (1941) who, apparently for certain purposes at least, prefers 
to regard the thermocline as a plane chosen at the lower termination of 
the epilimnion. It seems likely that some of the reported occurrences of 
thermal stratification in tropical lakes and elsewhere were based upon 
unusual (;riteria for identifying thermoclines. 

Modifwd Thermal Stratification, Many departures from typical ther- 
mal stratification have been described. They arise from the great array 
of conditions under which lakes exist. Names have been given to some 
of these atypi(;al temperature conditions, as, for example; Dichothermy — 
summer stratification with minimum temperature at some intervening 
level, sometimes in upper part of hypolimnion, instead of the usual 
minimum at bottom; sometimes called temperature-inversion phenomenon; 
may be (uther temporary or permanent. Mesothermy — ^maximum tem- 
perature at some intervening level; may occur in late summer or early 
autumn ; temporary. Poikilothermy — both maximum and minimum tem- 
peratures in some intervening layer; said to occur on warm days following 
a cool period ; temporary. 

Classification of Lakes. Various classifications of lakes have been pro- 
posed, but perhaps the most satisfactory one has grown out of that 
developed by Forel and later modified by Whipple.^ It is as follows: 


I. Polar lakes. ’Surface toin])cratures never above' 4‘^C. 

Order 1. Bottom water at 4'’C. throughout year; one eJreulation period possible 
in summer, usually none. 

Order 2. Temperature of bottom water varies but not far from 4®C. ; one eircula- 
tion jieriod in summer. 

Order 13. Temperature of bottom water very similar to that of surface water; 
circulation more or less continuous except when frozen. 

11. Temperate lakes. — Surface temperatures vary above and below 4®C. 

Order 1. Temperature of bottom water at 4°C. throughout year; two circula- 
tion periods possible (one in spring and one in autumn), often none. 

* From '*Thc Microscopy of Drinking Water/* 4th ed., John Wiley & Sons, Inc., 
1927. 
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Order 2. Temperature of bottom water varies but not far from 4®C. ; two circula* 
tion periods (one in spring and one in autumn). 

Order 3. Temperature of bottom water very similar to that of surface water; 
circulation continuous except when frozen. 

III. Tropical lakes. — Surface temperatures always above 4®C. 

Order 1. Temperature of bottom water near 4‘’C. throughout year; one circula- 
tion period possible in winter. 

Order 2. Temperature of bottom water varies but not far from 4°C. ; one circula- 
tion period in winter. 

Order 3. Temperature of bottom water very similar to that of surface water; 
circulation practically continuous throughout year. 


It must be understood that while such a classification may be very 
useful as a means of organizing the typical cases, there are all sorts of 
intergrades between the various groups mentioned, even in the same 
general region. Also circumstances, such as altitude, and special forms 
of exposure and of protection may set up modifications of the thermal 
conditions in lakes. This classification is, therefore, useful to the extent 
that it deals with the general average expectation in different types of 
lakes. 

Attempts have been made in the past to add certain depth distinctions 
to the above classification, as, for example, to attach a general depth value 
of over 200 ft. to order 1 , over 25 ft. to order 2, and under 25 ft. to order 3. 
So utterly arbitrary are these values and so numerous are the instances in 
which they would be of no use that not only do they add notliing to the 
classification but they actually detract from its value. 

Heat Budgets of Lakes. Temperature changes in lake water are the 
result of two sets of processes. The following list is modified from a 
similar one by Sverdrup, Johnson, and Fleming (1942): 


Addition of Heat 

1. Radiation from sun and sky 

2. Condensation of water vapor 

3. Convection from atmosphere 

4. Convection from lake basin 

5. Heat from chemical changes 

G. Heat from fri<5tion in water movements 


TiOss of Heat 

1. Evaporation 

2. Convection to atmosphere 

3. Convection to lake basin 

4. Back radiation from lake surface to 
atmosphere 


Radiation from sun and sky is by far the most important of the heating 
processes. On the other hand, quantitative information on heat gener- 
ated in chemical changes and heat resulting from friction in water move- 
ments is obscure or wanting, but the supposition is that these sources of 
heat arc minor and, for limnological purposes, may be disregarded. The 
other three heat sources are variable, depending upon local and seasonal 
circumstances. They may be regarded as intermediate in importance. 
Of the heat-loss processes, evaporation is much more effective than the 
other three. 
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Since the heat content of a lake is a matter of vital importance in 
limnology, methods of determining heat budgets are necessary. The 
following discussion is taken from the work of Birge (1915, 1916). 

Three things may be understood by the heat budget of a lake: 

1. The amount of heat necessary to raise its water from 0®C. to the maximum 
temperature found in summer. This may be called the gross or crude heat budget, 

2. The amount of heat necessary to raise its water from the minimum tem- 
perature of winter to the maximum summer temperature. This may be called 
the annual heat budget, 

3. The amount of heat necessary to raise its water from 4®C. to the maximum 
summer temperature. This may be called . . . the mnd-distribvied heatf or the 
summer heat income. 

Since lakes do not have bottom temperatures so low as 0®C., the first 
statement is of least importance. The second statement, representing 
as it does the two limits of heat content for the particular lake under 
consideration, is fundamentally the most valuable of the three concep- 
tions. It involves, of course, the necessity of having available the neces- 
sary winter temperature data which, unfortunately, are often lacking. 
The third conception is, therefore, useful for those lakes whose winter 
temperatures are unknown. It applies only to the temperate lakes of 
ForePs classification and has no significance for polar lakes which do not 
rise above 4°; furthermore, in the tropical lakes it has certain obvious 
difficulties. Since the 4®C. point represents a very important position in 
the temperature cycle of a temperate lake, this method of approaching the 
heat budgets is of value. 

Computation of heat budgets may he made on the following bases 
(Birge) : 

1. The number of calories necessary to warm a column of water of unit base 
in the deepest part of the lake from the selecte<l minimum (0®, 4®, winter mini- 
mum) to the summer temperature. 

2. The total sum of the calories necessary to warm in a similar way the 
wJiole mass of the water of the lake from the selected minimum to the summer 
temperature. 

3. The total number of calories necessary to warm in a similar way a column 
of water of unit base and a height equal to tlie mean depth of the lake. 

Ifirge computed heat budgets as follows when the lake is considered as a 
unit: 

Annual heat budget = Dm{Tm‘ — Tm^). 

Wind-distributed heat = Dm{Tm* — 4). 
where Dm = mean depth of lake in centimeters. 

Tm* = mean summer temperature in degrees centigrade. 

TmP = mean winter temperature in degrees centigrade. 

The results are expressed in gram calories. 
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Unfortunately, heat budgets have received far too little attention in the 
past, and so few lakes have been studied with regard to this matter that 
dependable conclusions of a general nature are still lacking. That they 
form an important method of comparing lakes with respect to heat con- 
tent has already been demonstrated. Lakes, as a group, show wide 
differences in heat budgets; therefore it is essential that when comparisons 
are made, only those lakes whicli are strictly comparable should be con- 
sidered. Birge, the pioneer in this work in America, chose to approach 
the problem by selecting a group of lakes which he designated as the 

first class and which he defined as those lakes 

. , , whose size and depth are such as to permit the lake to acquire the maximum 
amount of heat possible under the weather conditions of the season. The lower 
limits for such lakes in tlie eastern and central United States seem to be about 
10 km. of length with, at least, 2 km. of breadth ; and 30 m. of mean depth, which 
means 50 m. or moi e of maximum dei)th . Such lakes must also lie under ordinary 
conditions of topography and altitude. Lakes whose conditions of climate or 
location are exceptional, sucdi as those of alpine lakes at considerable elevations, 
cannot be compared directly with those in lower and more normal situations. 

It was found (Birge and Juday, 1914) that such lakes in eastern United 
States have heat budgets which ordinarily equal or exceed 30,000 g.-cal. 
per sq. cm. of the lake's surface and ordinarily lie between 30,000 and 
40,000 g.-cal. Birge, in a critical comparison of 7 American and 20 
European lakes, selected to conform as nearly as possible to the specifica- 
tions of the first class mentioned above, came to several general conclu- 
sions, among them being the following: 

1. In a lake of simple form, the mean temperature of the water “may 
be derived from a single series of observations taken at or near the center 
of oscillation of the water." 

2. It appears that American lakes in the latitude of 43®N. have higher 
and more uniform heat budgets than corresponding European ones. 

3. “There is no evidence that the annual heat budget increases with 
latitude within the limits of the zone between 40 and OO^N. Still further, 
the data from these lakes do not show that a temperate lake has a larger 
heat budget than a tropi(‘al lake of comparable area and depth." 

It must be remembered that these guarded conclusions w'ere made on 
the basis of the then available evidence and that, after all, the number of 
lakes concerned in the comparison was very small, particularly the Ameri- 
can lakes. Without doubt, a considerable number of factors enter into 
the problem as determiners of differences in the heat budgets of lakes. 
Also, the same is true of the production of variations in the heat budget of 
a single lake for different seasons. Stromsten (1927) has found evidence 
that in Lake Okoboji, Iowa, the summer heat income, when considered 
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for a period of several years, seems to follow a sort of cycle, possibly hav- 
ing a certain correspondence with the local climatic conditions which also 
appear to be more or less cyclic in nature. Other work has been done with 
heat budgets on American lakes, but it is still too small in amount to be of 
much service. 

Work of the Wind in Warming a Lake- It should be recalled that after 
the disappearance of the ice cover in spring and after the surface-water 
temperatures rises above 4®C., the surface water becomes gradually lighter 
and offers a certain thermal resistance to mixing with the colder, heavier 


Table 4. Heat Budcets of a Selected Guocp of Lakes 
Compiled from Birge, Scotty and others 


Lake 

Location 

Annual 
heat budget 

Win d-d ist ributed 
heat 

Canandaigua 

New York 


25,400 

Cayuga 

Now York 

37,450 

27,750 

Keuka 

New York 


23,750 

Owasco 

New York 

35,600 

27,700 

Seneca 

New York 

36,700 

31,300 

Skaneatoles 

Now York 

39,100 

27,960 

Green 

Wisoonsin 

34,000 

26,200 

Karluk 

Alaska 

33,500 

18,900 

Mfi.nif.mi 

Indiana 


5,361 

Big Barbeo 

Indiana 


10,563 

Yellow Cnsek 

IndiaiiH 


11,458 

Okoboji 

Iowa 


20,849 

Bolseiia 

Italy 

31,600 


Como 

Italy 

32,000 


Bourget 

Franco 

31,950 

34, (MX) 

Geneva 

Switzerland 

36,600 


Zurich 

Switzerland 

21,800 

20,200 

Constanci' 

Switzerland 

23,200 

i 22,400 

Zug 

Switzerland 

31,300 

38,900 

Traun 

Austria 

33,400 

32,100 

Wurm 

Gonnany 

23,800 

20,700 

Ness 

ScHitland 

37,200 


Vettern 

Sweden 

32,000 

16,200 

Ladoga 

Russia 

33,300 

18. (KM) 


water underneath. While, as already explained elsewhere, temporary 
cooling of the surface resulting from cold nights or cold waves in the 
atmospheric temperatures may produce convection currents and thus 
accomplish some insignificant mixing, the warming up of a lake in spring 
and early summer is due largely to work which the wind performs in 
forcing the warmer, lighter, surface water into the colder, heavier, under- 
lying water. This work of the wind is therefore work done against 
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gravity, and its amount depends upon the contrast in temperature (and 
therefore density) between the surface layer and the underlying one. 
Water at any depth having a temperature above 4®C. owes its heat to 
the work of the wind (Fig. 12). This work has been performed in numer- 
ous stages, and the ‘‘net amount of work may be represented by the 
amount of energy necessary to push down through the water at its 
maximum density a stratum of water of the smallest density possessed by 
the water.'' Birgc has developed methods for computing this work, 



Fio. 12. Work curves of Lake Okoboji, Iowa, (1) the direct work, (2) the dis- 

tributed work, and {\\) the effect of the sun in distributing; the sun's energy (direct isolation). 
The vertical axis indicates depth; the horisoiital axis sliows gram centimeters of work per 
meter of depth and square centimeters of surface of lake. AGO is the curve of direct work. 
About 130 g.cmi. of work, for example, are necessary to carry the heat of the 9- 10 meter 
stratum from the surface and put it in place. BDE is the curve of distributed work, derived 
from AGGy and shows the amount of work done in each 1 m. stratum. The entire area 
enclosed by the curve of distributed work, ABDEHA, is equal to that enclosed by the curve 
of direct work, AGO HA. The area ACDBA gives the direct effect of the sun, and the area 
ACDEHA that of the wind. {Redrawn from Birge and Juday, 1920.) 

when the necessary conditions arc known, and shows by mathematical 
analyses that it is in direct proportion to the difference in density. It is 
true that as the temperature of surface water rises, thus decreasing its 
density, a wind of a selected velocity becomes much more effective in 
moving the surface water, but the essential feature in this discussion is 
not the ease or difficulty of moving surface water but, instead, the ease 
and difficulty of mixing the lighter surface water with underlying heavier 
water or, in other words, of overcoming thermal resistanccj which is a very 
different thing. When surface water has risen to 10°C., after the spring 
overturn when the mean temperature was about 4°C., the thermal 
resistance is ten times as great as at the overturn ; also, the thermal resist- 
ance is about twenty-five times as great when the surface temperature 
rises to 20®C. The relative ease with which the wind circulates the water 
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in spring is thus explained, in spite of the fact that water is heaviest at 
that time; also, the effectiveness and behavior of the thermocline are thus 
understandable. Obviously, the steeper the temperature gradient in a 
thermocline the greater the total work required to produce a mixing with 
superimposed, lighter waters. Furthermore, it must be remembered 
that at the junction of epilimnion and thermocline, increase in density is 
abrupt. 

Since water is an exceedingly mobile liquid, it is obvious that if it 
could undergo changes of temperature without affecting its density, the 
whole story of thermal relations in lakes would be profoundly different. 
Change of density with change of temperature constitutes a very effective 
barrier to unrestricted distribution of surface temperatures. 

It must be remembered, at this point, that if difference in density were 
the only opposing influence to mixing by wind action, water would be a 
perfect fluid, i.e., without internal friction. However, it has already been 
pointed out that not only does water have a viscosity but this viscosity 
increases distinctly with falling temperatures. In fact, the viscosity of 
water just before freezing is about twice that of surface water at ordinary, 
midsummer temperatures. Thus, it appears that viscosity also offers a 
certain resistance to movement by wind and thus to mixing; and while 
the actual amount of viscosity at any temperature is very small compared 
to that of other more vis(Jous liquids, yet it does have an influence even 
though a slight one. According to Birge, 

... it has been impossible to find a quantitative relation between thermal 
resistance and viscosity so as to ascertain exactly how much the increase of the 
latter at low temperature would affect the influence of the wind. . . . The present 
question is one of the relative influence of viscosity at different temperatures, 
and the visc-osity plainly increases far more slowly at low temperatures than 
thermal resistance diminishes . . . Since the influence of the wind will vary as 
the squaie of its velocity, the greater amount of wind in the spring will more than 
compensate for the increase in viscosity. 

In consideration of all of these matters, it is imperative that an under- 
standing of the relation of work by wind action (1) to viscosity, (2) to 
density per se, and (3) to thermal resistance {contrasting densities) be free 
from confusion, since they are all very distinct influences. 

Warming Due to Penetration of SuWs Rays. While the major part of 
the warming of a lake is due to the work of wind, it must not b^ assumed 
that all warming is thus produced, since some heat is delivered directly 
into the uppermost layer of water by the penetration of solar radiation 
and its absorption by the water, a process known as insolation. This 
means that wind-produced currents which transfer heat to deeper waters 
do not s* 3 cure this heat at the surface only but find it already delivered at 
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various distances below the surface down to the limit of direct solar 
heat penetration. Of the large amount of sun’s heat available at the 
surface, some is reflected by the surface film and some of it enters the 
water. Of that which enters the water, part is consumed in evaporation, 
part is returned to the air, and part is distributed by wind to underlying 
layers. Birge and Juday (1931), by the use of a specially devised instru- 
ment, the pyrlimnometer, made extensive studies on Wisconsin lakes 
and found that most of the radiation which enters an inland lake is con- 
sumed by the uppermost stratum. In extreme cases, practically none is 
transmitted deeper than 2 to 4 m., and in such lakes the direct heating 
effect of the sun is confined to a very thin stratum. Measurements made 
on 72 lakes showed that the depths at which the total solar radiation was 
reduced to 1 per cent varied from 1.5 to 29.9 m. The instance of 1 per 
cent at 29.9 m. was evidently very exceptional, since no other lake showed 
a maximum of more than 16.3 m. They propose the following tentative 
classification of 68 Wisconsin lakes on the basis of solar radiation: 

Table 5. Classification or Wisconsin Lakes on Basts of Solar Radiation 

From Birge and Juday 


Transmission^ 

Lakes 

Number 

Per cent 

Low, 0- 30 

g 

12 

Low-medium, 31-50 

14 

20 

High-medium, 51-70 

34 

50 

High, 71 and above 

12 

1 

18 


* The term trauBmiBsion meann the percentape of transiniHsion of radiation tliroupli a stratum of 
water 1 in. thick. 

The main factors which determine transmission are 

. . . (1) the selective action of water, which is transparent to short-wave radi- 
ation and opaque to long waves; (2) the selective effect of stain which acts more 
strongly on the short-wave radiation and is effective in proportion to the amount 
and kind present; (3) the at^tion of suspended matter- organic and inorganic — 
which offers more obstruction to short-wave radiation, but is not definitely 
selective. 

The 1- to 2-m. stratum was almost always found to have a more reduced 
transmission than the deeper strata, owing, probably, to the greater 
abundance of plankton in the upper water. Contrary to the usual 
impression, it was found that waves made no noticeable difference in the 
amount of reflected energy, as compared with the reflection from the 
surface of smooth water. 

It thus appears that the surface-water stratum of 1 m. depth absorbs 
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a very large part of the incident radiation. The solar radiation below a 
depth of 1 m. is practically all in the form of light. Even pure water, 
which does not occur in nature, absorbs more than 50 per cent of the 
radiation in the first meter of depth. Also, the effect of the water itself, 
not considering for the moment the additional effects of stain and sus- 
pended matters, is to eliminate rapidly all radiation from wave lengths 
greater than GOOO A. Therefore, while the sun performs a certain func- 
tion in warming a lake by direct insolation, it is confined to the surface 
layers, and often to a thin surface stratum, leaving the great bulk of the 
work of warming the lower strata to the efforts of the wind. It becomes 
obvious that the sun, by dire(?t radiation, gives a relatively larger aid in a 
shallow lake than in a deeper one. In Wisconsin lakes, and possibly to a 
large extent in all lakes, the transparency or the opacity of the water 
makes little or no difference in the heat budget, a fact which indicates 
clearly the preeminence of wind as the means of distributing heat within a 
lake. 

Heat Exchanges between Water and Basin. When water stands in an 
ordinary laboratory container, the temperature of both water and con- 
tainer tends to become the same ; if heat is applied to the exposed surface 
of the water, and the latter is stirred somewhat to facilitate the distribu- 
tion of the heat, some heat will, in turn, be transmitted to the container, 
thereby raising its temperature. If, on the other hand, ice is placed 
in the water, or much (!older water is added, the whole mass of water is 
cooled, and subsequently heat will pass from the walls of the container 
into the water. This rough example indicates the general nature of a heat 
exchange which ocjcurs between the water of a lake and its basin at certain 
times of year. Since a lake secures its heat at and through its surface, 
and since, as already described, there is an annual income and outgo of 
heat in the total water mass, it would be expected that the bottom 
deposits of a lake, especially those in the shallower parts of the basin, 
would gain heat from the water during the spring and summer and lose 
heat to the overlying water during autumn and winter. Bottom deposits 
have a certain power to pass heat through their materials by conduction. 
We owe our knowledge of this subject to the work of Birge and Juday, 
who, by means of a specially devised apparatus known as a mvd thermom- 
eter, have secured an actual measure of these heat exchanges in Lake 
Mendota, Wisconsin. Temperature records were secured at four stations 
in the lake, having water depths of 8, 12, 18, and 23.5 m., respectively. 
Such records were made once, sometimes twice, a month throughout the 
year and at depths beginning with the surface of the bottom mud and 
extending through 5 m. at depth intervals of 0.5 to 1 m. The following 
data selected from the tables of Birge and Juday indicate the nature of 
these heat changes. 
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Table 6. Temperature at Different Levels in the Bottom Deposits of Lake 

Mendota, Wis. 

The values represent the mean of observations made during 1918, 1919, and 1920 
Data from Birge and Juday 


Depth of lake 
at selected 
station, 
m. 

Date 

Depths in mud, m. 

Surface 
of mud 

0,5 

1.0 

■ 

2.0 

3.0 

4.0 

5.0 

Temperature, degrees Centigrade 

8 

Dec. 15 

2.3 

5.7 

8.3 

9.8 

11.0 

11.5 

11.1 

10.6 


Aug. 1 

22.3 

20.1 

16.5 

13.3 

11.6 

9.7 

9.2 

9.4 

12 

Dec. 15 

2.2 

5.5 

7.9 

9.4 

10.1 

10.1 

9.5 

9.3 


July 15 

15.3 

12.8 

11.2 

9.9 

9.0 

8.6 

8.7 

8.8 

18 

Jan. 1 

1.8 

4.4 

6.4 

7.7 

8.5 

8.8 

8.5 

8.6 


Oct. 1 

12.5 


9.8 

9.1 

8.6 

8.1 

7.8 

7.8 

23.5 

Jan. 1 

2.8 

5.1 

7.0 

7.9 

8.3 

8.7 

8.6 

8.2 


Oct. 1 

11.5 

10.5 

9.6 

8.9 

8.5 

8.0 

7.8 

7.8 


It was found that the bottom heat hvdgets were approximately as follows : 
at 8 m., 3,000 cal. ; at 12 m., 2,200 cal. ; at 18 m., 1,100 cal. ; and at 23.5 m., 
1,100 cal. From these results, it was calculated that the mean annual 
heat budget for the bottom of Lake Mendota was, in round numbers, 
2,000 cal. per sq. cm. of its surface. Since the average annual heat 
budget for the water of the lake was found to be 23,000 to 24,000 cal., it 
now becomes necessary to add about 2,000 cal. to this amount to represent 
the heat which goes into the bottom. About 8 to 9 per cent of the entire 
heat budget goes into the bottom. The heat losses of the mud to the 
water in late winter can be stated in the same way. The heat lost was as 
follows: 8 m., 1,040 cal. ; 12 m., 600 cal. ; 18 m., 300 cal. ; 23.5 m., 300 cal. 
The mean result is a loss of approximately 650 cal. per square centimeter 
of surface. 

Gain of Heat through Ice, Results from Lake Mendota also give 
information on the gain of heat through the ice in winter. During the 
period of ice cover, this lake gains steadily in heat, the average amount 
being about 20 cal. per sq. cm. of surface per day during the winter. 
From the foregoing discussion, it appears that a certain part of this gain 
in heat comes from the bottom, but Birge and Juday found that the 
bottom-heat exchange accounts for only about one-fourth of the total 
gain. Of the remaining three-fourths, a small part may possibly be 
attributed to inflowing water, but the major part comes from the sun 
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through the ice, a contributing source which becomes more effective as 
winter passes into spring. 


Light 

One of the most obvious and familiar properties of water is its trans- 
parency. Natural waters manifest great differences in the degree to 
which sunlight can illuminate them. The extremely turbid waters of 
the Missouri River and some of its tributaries offer striking contrast to 
those mountain lakes in which light penetrates to unusual depths. Also, 
many natural waters show seasonal and irregular variations, due to several 
possible causes, in the degree to which they permit passage of light. 
Light exerts a very profound influence upon a whole series of biological 
phenomena in water, but, despite its fundamental importance, inherent 
difficulties involved in the perfection of methods and instruments for 
measuring light in water, qualitatively and quantitatively, have long 
resisted solution, and this subject is still among the least satisfactorily 
known of the important limnological influences. 

Light Penetration and Light Absorption. Methods of Measurement 
Limit of Visibility Methods, Secchi^s Disk. In 1865, A. Secchi of 
Rome, Italy, devised a method for studying the transparency of the waters 
of the Mediterranean Sea. It consisted in lowering into the water a white 
plate, 20 cm. in diameter, on a graduated rope, noting the depth at which 
the plate disappeared, then lifting the plate and noting the depth at which 
it reappeared. The average of these two readings on the graduated rope 
was considered the limit of visibility. Later, Forel used the same method, 
employing either a white zinc disk or a white crockery plate, and pointed 
out conditions under which such tests should be made to secure best 
results. This method was subsequently used by many investigators. 
Whipple modified the method by dividing the disk into quadrants and 
painting them in such a way that two of the quadrants which were 
directly opposite to each other were black and the intervening ones 
white. He also increased the efficiency of the method by viewing the 
disk, as it sank in the water, through a water telescope held under a 
sunshade. 

This method has come into a wide use as a means of comparing different 
waters. Obviously, it is not an actual measure of light penetration, but, 
instead, merely a useful, rough index of visibility when used under 
standard conditions. It is also useful in making comparisons of the same 
waters at different times. See Welch (1948) for further information. 

Geneva Commission Method. In 1883, the Physical Society of Geneva 
Switzerland, established a committee for the study of transparency in 
Lake Geneva. This committee made use of a method the essential 
feature of which is the substitution of an incandescent lamp for the white 
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disk of Secchi. The point of disappearance of the bright spot (the lamp) 
was designated as the limit of clear vision^ while the subsequent disappear- 
ance at a lower level of the last vestige of the surrounding glow of diffused 
light was specified as the limit of diffused light This method has the 
same limitations as that of Secchi’s disk, and it has had a very restricted 
use. 

Photographic Methods. Early Methods. In 1873, Forel, hoping to 
make use of the well-known fact that silver chloride (a white precipitate) 
blackens when exposed to light, tried lowering a bottle of this substance 
into water for known depths and exposures, but the results were not 
satisfactory. He later devised small, square frames which could be 
suspended horizontally on a rope and in each of which a sheet of sensitized 
albumen paper was so placed that one-half of its surface was exposed and 
one-half was protected against light action. This equipment, lowered 
into the lake at night and brought up the next night, enabled the observer 
not only to determine the depth at which no light effect occurred on the 
photographic paper, but also some effect of light intensity at different 
depths was distinguishable in the degree of (diange in the sensitive paper. 
Not only did the exposed and imcxposcd portions of the sheet provide 
means of judging degree of light effect, but an additional aid was devised 
in the form of a photographic intensity scale made by exposing sheets of 
the same paper to sunlight, in air, for different lengths of time. Certain 
other devices and modifications were employed by Forel, Asper, et at, 
which need not be reviewed here. 

During the three decades sue(^eeding the work of Forel, many photo- 
chemical devices were invented the more important of which have been 
discussed by Klugh (1925). Many of these early instruments are pre- 
served in the Oceanographical Museum of Monaco and afford an interest- 
ing picture of the evolution of effort in this direction. While increasing 
perfection and ingenuity of method are exhibited in this early history, all 
of the devices fell short in one or more respects. However, it appears 
that for sccAiring records of that faint light which penetrates to great 
depths, photographic methods are the best yet known. 

Recent Methods. Knudsen (1922) proposed a method the essential 
features of which were two spectrophotometers placed on a line, one above 
the other, the distance between them representing the thickness of the 
layer of water to be examined. A system of slits made possible the 
determination of the coefficient of absorption for each region of the 
spectrum through the effect on a photographic plate. 

Klugh (1925) devised an instrument the principle of which is the use of 
panchromatic photographic plates ‘‘exposed beneath a set of neutral 
percentage transmission filters, the plates exposed to the lower intensities 
being read against the plate exposed to the highest intensity, the results 
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being given directly in percentages.” The instrument is said to measure 
both total intensity and the spectral quality of light in water and to be 
sensitive to radiation representing most of the visible spectrum. 

Certain other modifications of the photographic method have been 
devised during recent years but need not be described here. 

Photoelectric Cell Methods. One of the promising developments 
of recent years is the use of photoelectric cells in measuring penetration of 
light into water. Shelford and Gail (1922), Atkins and Poole (1930), and 
others have made extensive use of various forms of instruments in which 
the photoelectric cell was the essential feature and have, from time to 
time, made certain improvements. The principle of the photoelectric 
cell is described by Shelford as follows: 

All metals emit electrons under the influence of light. This emission depends 
upon the kind of metal, upon the condition of the surface, and upon the surround- 
ing conditions. In most cases, the emission is imperceptible. By using a very 
active metal, such as strontium, rubidium, caesium, lithium, sodium, or posta- 
sium, and placing it in a vacuum or, much better, in an atmosphere of helium, 
hydrogen, or argon, the photoelectric effects become very considerable with a 
potential of 20 to 300 volts across the cell. 

Gas-filled cells are said to be sensitive to all wave lengths except red 
but only slightly sensitive to yellow and extreme ultraviolet. It appears 
that the most promising use of these cells is due to their greater sensitivity 
for the short wave lengths (violet, blue, green). These instruments are 
undergoing a rapid evolution at the present time, and perhaps their 
complete possibilities are not yet known. Detailed description of a 
modern photoelectric cell outfit designed for work in water is given by 
Welch (1948). 

The Pyrlimnometer. Birgc and Juday (1929, 1931) developed an 
instrument known as a pyrlimnometer. The first instrument, described 
by Birge in 1922, has undergone numerous improvements. In its present 
form, its essential features are (1) a large-surface Moll thermopile, 
mounted in a special carrier; this thermopile receives the solar radiation; 
(2) apparatus for measuring the electrical currents thus caused. Two 
types of measuring instruments are employed: (o) millivoltmeters to be 
taken out in the boat with the pyrlimnometer; (5) a galvanometer, for 
special studies, to be set up onshore and conncc^ted by an insulated cable 
with the boat. The carrier of the thermopile has a rotating shutter, with 
eight openings, which may be open or may carry opaque disks' or light 
filters. The filters are of Jena glass. The sun’s radiation, acting on the 
thermopile, produces an electrical effect, registered on the recording 
instrument, which is proportional to the energy of the sun’s radiation. 
Thus, this instrument measures sun’s energy penetrating lake water to a 
given level. It furnishes data on transmission through lake waters of 
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light and heat; it also gives the composition of the visible spectrum in 
water, in terms of either wave length or color bands, and the changes in 
composition which the spectrum undergoes as light passes through lake 
waters. The apparatus is designed for use in small inland lakes and has 
been much used by Birge and Juday in such waters. 

Factors Influencing Light Penetration, Several factors affect the way 
in which light illuminates natural waters. The following are important: 

Intensity at Surface. The intensity of illumination at the surface 
of water varies with a number of circumstances, such as degree of cloudi- 
ness or clearness of sky, presence of fog, smoke, dust, or other occasional 
features of atmospheric condition, time of day, and season of the year. 
Some of these variations are cyclic, such as the alternation of day and 
night; others are irregular meteorological phenomena; and still others 
originate in various ways. Moonlight is known to illuminate water to 
some extent; also starlight in a much more limited way; but these sources 
of light are likewise subject to variations in intensity at the surface. 
Strictly speaking, light intensity at the surface of natural waters is highly 
variable, and periods of uniform intensity are of limited duration. It 
should be understood that on a clear day, the light reaching the surface 
of the water is the sum total of the light coming (1 ) directly from the sun 
and (2) from the hemisphere of the sky. Clouds passing across the sun 
produce alterations in the relative amounts of light from the two sources. 

Angle of Contact of Light with Surface. Light rays meeting the 
surface of water at right angles pass into it without deviation from the 
original axis. If, however, the angle of contact is less than 90°, those 
rays passing into the water are refracted, i.e., bent toward the per- 
pendicular. The refractive index from air to water is about or 1.33. 
It is therefore evident that the position of the sun with reference to the 
surface of water is concerned with the depth to which light will penetrate. 
The greatest penetration in a body of water would result from a zenith 
sun. As the sun departs from the zenith, the rays on entering the water, 
even though bent toward the perpendicular, penetrate in a diagonal 
direction and hence to shallower depths. 

In general, when light waves encounter the surface of water, a part of 
light will be reflected, and another part will enter the water and become 
refracted. This is true under practically all conditions, but the nature of 
the reflection depends upon the angle of the rays with the general water 
surface and also upon the degree of agitation of the water surface. Since 
water is so commonly in a state of disturbance of some sort, varying from 
the most gentle swings to severe wave action, at least a part of the reflec- 
tion is usually a very irregular, momentary feature. Owing to this 
common motion of the water surface, light at a given time may, in a 
series of successive moments, meet the surface film momentarily at many 
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different angles of incidence; hence, the irregularity of the reflection. 
Even in times of greatest calm, there is a certain change of surface level ; 
i.e., it is never absolutely immobile. Therefore, under no circumstances 
would all of the light impinging upon the surface enter the water; some is 
always reflected. 

Differences in Latitude. Obviously, latitude determines the relation 
of a lake surface to the general incidence of light from the sun. The more 
remote a lake is from the equatorial region the greater the departure of 
the sun's rays from the vertical. 

Seasonal Differences. Closely associated with latitude are the seasonal 
changes in the position of the sun. Only locations at or between the 
tropics of Cancer and Capricorn (23®28'N. lat. and 23®28'S. lat., respec- 
tively) ever have a vertical sun. Beyond this zone (torrid), north or 
south, not only do locations have an angular sun but the angle changes 
progressively with the sequence of seasons. 

Diurnal Differences. The apparent daily journey of the sun from east 
to west results in its rise in the sky from the horizon to the meridian for a 
chosen location and a succeeding drop across the sky to the western 
horizon. Therefore, the angle of contact of light rays increases, in an 
east-west plane, from 0 to 90° and then declines to 0 in the evening. 
The angle of contact of light with the water surface is constantly changing 
during the day, reaching its nearest approach to the zenith at noon. 

Dissolved Materials. Natural waters differ from pure water in the 
way in which they absorb light ; also, natural waters differ widely among 
themselves in this respect. Dissolved materials constitute one of the 
influences responsible for this difference. Unfortunately, too little is yet 
known concerning this subject. It has been claimed that chlorides of 
calcium and magnesium and similar salts diminish light absorption. 
Traces of ammonia, proteins, and nitrates in solution in pure water arc 
said greatly to reduce its transparency to ultraviolet light, whereas dis- 
solved salts usually have little effect. Differences in light transmission 
between ordinary ** hard water" and ‘‘soft water" lakes, assignable to 
the mineral content of their waters, are apparently minimal. That dis- 
solved gases have an influence is probable, but at present little seems to be 
known about it. 

Suspended Materials. Finely divided materials in suspension, 
organic or inorganic, tend to screen out light. These materials will be 
discussed more fully under the subject of turbidity. In general, the more 
suspended matter in water the more completely is light shut out. In very 
highly turbid waters, light seems to be excluded by a relatively thin 
stratum at the surface. 

Light Penetration in Pure Water, Since natural waters have various 
substances and circumstances associated with them which affect light 



78 


LIMNOLOGY 


penetration, it is better to approach the subject by considering first 
the phenomena of light penetration and light absorption in pure water. 
In this way, the inherent, unmodified effects of water alone upon entering 
light may be distinguished. 

When light enters pure water, two changes occur: (1) a certain part of 
the light is absorbed by the water, and (2) some of the light undergoes a 
scattering within the water, this scattering being in the form of a deflection 
in all directions. Absorption is a selective performance in which certain 
wave lengths are absorbed more quickly than others. The general 
character of this selective absorption in pure water can be seen in Fig. 13. 



Wavelength 


Fig. 13. Graphs showing relative intensity of light at different deptlis in piircs (distilled) 
water. Relative intensity is indicated along the vertical axis. Differences in spectral dis- 
tribution are shown along the horizontal axis. Dt^pths are expressed in meters. The upper- 
most curve represents the spectral distribution of solar energy at the surface. Wave 

© o 

lengths are expressed in Angstroms (A). Abbreviations along the horizontal axis repre- 
sent colors of the spectrum. (h>oni Clarke, 1939.) 

It has been estimated (Shelford and Gail, 1922) that very small quantities 
of the violet, blue, green, and yellow penetrate to a depth of at least 
1,800 m. of pure water. 

Light Penetration in Natural Waters. Quantitative Determina- 
tions. Early Records. Early work on light penetration was concerned, 
by interest and by limitations of method, with the depth to which any 
light was transmitted, without reference to seleotive absorption. Also, it 
was concerned almost wholly with marine waters whose transparencies 
are greater than those of most fresh waters. Some of the early records 
will now be mentioned. Ford (1895) found light affecting his photo- 
graphic apparatus in Lake Geneva at 2(X) m. depth. Fol and Sarasin, 
using a photographi(i-plate method, obtained light effects at a depth of 
almost 480 m. in the Mediterranean Sea near the Riviera. Petersen, 
also working in the Mediterranean near Capri, got light influence on a 
photographic plate at a depth of 550 m. Ijuksch obtained a photographic 
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effect in the eastern Mediterranean at 600 m. By means of an improved 
photographic apparatus (Helland-Hansen photometer) used in the 
Atlantic Ocean during the Michael Sars Expedition, records of light pene- 
tration to a depth of 1,000 m. after an exposure of 80 min. were secured 
(noon, June 6, 1910, clear sky, near Azores), a depth much greater than 
had formerly been found; but an exposure of the same apparatus at 1,700 
m. for 2 hr. yielded no light effect. Somewhere between these depths, 
light, as determined by this type of apparatus, faded out completely. 
Photographic evidence of light at 1 ,500 m. has sincie been found. 

Early workers also discovered that the length of ^^day in water is very 
different from that in air; that this day varies in duration with depth; and 
that the dawn and twilight periods, present in air, are virtually absent in 
water. The well-known oceanographer The Prince of Monaco, using 
Regnard^s apparatus in Funchal Harbor, Madeira, in Manjh, found that 
the day at a depth of 20 m. was 11 hr. long; at a depth of 40 m., it lasted 
1 5 min. Fol, using a diverts outfit in the Mediterranean Sea just off Nice, 
France, observed that at 10 m. the solar light disappeared abruptly in 
the afternoon long before sunset. 

Modern Records. It appears that methods employing photographic 
plates or photographic, paper are probably the best for securing records of 
that very feeble light which is transmitted to great depths. However, in 
modern work, the interest has shifted from a desire to know the depth of 
final disappearan(!c of all light to the more fundamental matters of light 
absorption in the upper strata. For that reason, little has been added to 
the knowledge of greatest depths of penetration. Beebe reported the 
disappearan(!e of all color from the spectrum at a depth of 213 m. in 
the Atlantic Ocean near the Bermuda islands. 

There is a general law sometimes employed in estimating the rate of 
diminution of light with increasing depth in a body of water, viz., that 
as the depth iiKireases arithmetically the light decreases geometrically. 
Occasionally, the actual (;onditions in a lake tend to follow this law, but 
caution should be exercised in using it as the general expectation since 
modifying influences are many, and departures from values given by this 
law are common and often marked. 

Because of the various factors and combinations of factors which affect 
light penetration in natural waters, inland lakes vary widely in the way 
in which they transmit light. In the large number of lakes in Wisconsin 
studied by Birge and Juday, the depth at which the amount of radiation 
delivered at the surface would be reduced to 1 per cent varied from about 
1.5 to 29 m., with various intergradations between them. Without 
doubt, even wider variations exist. 

Qualitativk Determinations. The selective absorption, character- 
istic of pure water, is manifested by natural waters, modified by those 
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additional factors already mentioned which affect absorption. Since 
these modifying influences vary so widely in different waters, only a very 
general statement of the usual character of selective absorption can be 
given here for fresh-water lakes. A considerable study of this phenome- 
non in sea water has been made by various investigators, and while in 
some respects sea water and fresh water behave similarly in light absorp- 
tion, there are certain inherent differences. In this discussion, attention 
will be confined largely to the results from fresh water. 

Birge and Juday (1930), in their work on more than 30 Wisconsin 
lakes, found that the general story of changes in the composition of the 
sun’s radiation as it passes through the waters of these lakes is as follows: 

1. In lakes containing heavily stained water, very little radiation of 
wave lengths less than 6000 A occurs below a depth of 1 m. ; the blue is 
negligible, the amount of green is very small and disappears rapidly as 
depth increases, and the same is true of the adjacent region of the yellow. 
The red may be higher than any other color — in fact, it may equal or 
exceed all other radiation. The red is less affected by stain and by 
suspended matters, and, in waters where stain and suspended matters 
are at a maximum, the transmission of red may be higher than any other 
color. In such lakes, the radiation at and below 1 m. depth comes from 
that part of the spectrum whose wave lengths are greater than 6000 A. 

2. In lakes of moderate transparency, the central part of the spectrum 
(about 5500 A; yellow) has a much greater transmission than either end, 
although both red and blue are present. Radiation passing through a 
few meters of water contains very little from the blue or the red, although 
there is more of the latter. 

3. In the most transparent lakes, blue exceeds the red. The short- 
wave half of the spectrum contributes much at all depths, and radiation 
from the whole region, extending to wave length 5700 A, is transmitted 
through the water at much the same rate. 

The following table (Tabic 7), taken from Birge and Juday (1930), 
shows the general results and presents not only a summary of their 
results but what may prove to be the initial step in the formation of a 
classification of lakes on the basis of relation of transmission of colors to 
total radiation. 

According to Pictenpol (1918), particles suspended in water are non- 
selecjtive in their absorption of light. This conclusion has been considered 
doubtful by other workers. Harvey (1928) pointed out that Pietenpol’s 
results show evidence of a selectivity in suspended particles, viz., that the 
transmission of the short-wave radiations is more affected by suspended 
particles than is that of the longer wave lengths. Birge and Juday (1930) 
confirmed this statement. 

Some understanding of the composition of the radiation at different 
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depths in different types of lakes can be secured through an inspection 
of Figs. 14 to 16, taken, without change, from Birge and Juday (1931). 
The explanation attached to the figures indicates the nature of the 
diagrams. 

Table 7. Relation op Transmission op Colors to That op Total Radiation 
The transmission of total is taken as 100 per cent in all cases; that of colors is stated as 

a percentage of total 
Ftotti Birge and Juday 


Transparency, meters . . 

1.4-2. 9 

2. 7-3. 5 

3. 5-7. 6 

6.9-12.2 

Color 

45-132 

10-45 

0-20 

0-4 

Transmission of total . . 

Low, 

Low medium, 

High medium, 

High, 


8-30 

31-60 

61-70 

71 and over 

Total 

100 per cent 

100 per cent 

100 per cent 

100 per cent 

Blue 

Very small 

50-66 

60-90 

80-100 

Yellow 

50 or less 

100-116 

100-117 

100-110 

Red 

100-120 

90-100 

80-98 

70-90 


In tbia table, tranaparency indicates depth (in motoTs) at which Secchi’s disk disappeared. Color is 
indicated by the U.S. Geological Survey or platinum-cobalt scale. 


Color or stain in water also has a seleiitive effect. Like suspended 
matters, color offers more obstruction to short wave lengths than to long 
ones. As already mentioned, radiation from the red end of the spectrum 
is less affected by color than is that from the other end. In fact, trans- 
mission of all parts of the spectrum is affected by color, but the most 
marked effect is on the short-wave radiation. 

Ldght Penetration through Ice Cover. Ice cover interposes a partial 
barrier to light penetration, the effectiveness of which depends upon 
circumstances such as thickness of the ice, its degree of transparency, and 
the presence or absence of acciumulated snow on its surface. It has 
already been pointed out that a lake accumulates heat during the winter 
from the sun’s rays that pass through the ice. Some of the sun’s energy 
penetrating the ice is in the form of light. Detailed knowledge of this 
whole subject is still impci-fcct although a few studies have been made by 
the use of modern techniques for measuring light transmission, one of the 
latest being that of Greenbank (1945) from which the following quotation 
is taken: 

It is readily apparent that the penetration of light through ice varies greatly 
with the condition of the ice. For example, 7}^^ in. of clear ice transmitted 84 
per cent, as against 22 per cent for of “partly cloudy” ice. This Ice was 

full of minute air bubbles, which gave it somewhat the appearance of opal glass, 
and rendered it probably as opaque as any ice likely to he encountered on natural 
waters, except that which might have inclusions of dirt or other foreign matter. 
Similarly, the “clear” ice just mentioned was probably as crystal-clear as any 
which ever freezes on inland lakes. Between these two extremes, the ice of most 
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lakes, varies greatly in character, and in ability to transmit light, depending on 
the manner in which it was frozen, on various thaws and refreezings, and so forth. 

Greenbank also found that ice may have a differential effect upon 
qualitative transmission of light, depending upon the physical character 



Fia. 14. Diagrams showing distribiitiofi of solar radiation to the several color regions 
in four Wisconsin lakes and cliangos which radiation undergoes with iiLcreasing depth. 
The numbers undtu* each diagram following the sign % indicate the amount of total radia- 
tion at each depth, stated as a percentage of that delivered to the surface of the lake. 
Color values for each lake are exi>ressed in terms of the platinum-cobalt scale, increasing 
numerical values indi(;ating increasing color of the water. It will be noted that these are 
relatively clear lakes. {Redrawn from IHrge and J uday, 1 931 .) 

of the ice itself. Clear ice seemed to produce no significant differences in 
the relative transmission of light of different colors, but turbid ice caused 
a distinctly lower relative penetration of blue light, a result which he 
attributed to the effect of air bubbles and other inclusions. 

Snow accumulations on the surface of ice are common, and when 
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As in Fif?. 14, the niiinl)ors unrier etioh diagram following the sign % indicate the amount 
of total radiation at each depth, slated as a percentage of that dolivcred to the surface of the 
lake. Color values expressed in terms of the platinum-cobalt scale. Note that Little Long 
Lake and Lake Mary are highly coh)red lakes; also that rod yields a very large part of the 
total ill both instances. {Redrawn from Birge and Jvday^ 1931.) 
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present they act as an additional and even more effective barrier to light, 
thus reducing to varying degrees the amount of light which reaches the 
snow-ice interface. Snow reduces the initial sunlight in two principal 
ways: (1) reflection from the surface of snow greatly exceeds that from 
the surface of water or ice; (2) light entering the snow is rapidly shut out. 
According to Greenbank, only a very small amount of light penetrates 



Fig. 16. Curves of transmission of lifcht in a series of Wisconsin lakes. The term trans- 
mxBBion refers to the passage of solar radiation through the waters of a lake. The unit of 
depth is 1 m. Depth is indicated by the equally spaced horizontal lines. The curves for 
Crystal and Pauto Lakes show the general loss of transparency as summer advances, al- 
though the character of the (?urve is altered but little. This series varies from a very 
opaque lake (Helmet) to a very transparent one (Crystal) . {From Birge and Juday^ 1932.) 

through a layer of snow a few inches in thickness. It appears reasonably 
certain that heavy snow fall, in its ordinary physical state, may for the 
time practically prevent all light from reaching the underlying ice. Snow 
is also said to have a differential effect upon the quality of light which 
penetrates it, apparently effecting a greater reduction in the red and blue 
portions of the spectrum. 


CoLon OF Water 

By color in water is meant those hues which are inherent within the 
water itself, resulting from colloidal substances or substances in solution. 
The term true color is sometimes used to designate the colors due to these 
causes. This definition rules out of consideration the apparent color due 
(1) to living or nonliving substances in suspension and (2) to extrinsic 
conditions, such as sky or color of bottom in shallower water. These 
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causes of apparent color in water are sometimes very effective in producing 
misleading appearances, such as the “yellow” water overlying a clean 
sandy shoal on a clear day; the bright-green appearance of water super- 
imposed upon the Algae-covered slopes of precipitous depressions; the 
green appearance of water containing unusual quantities of phytoplank- 
ton; and the blue of lake water on a clear, calm summer day which gives 
place to the dull color with overcast skies. Clayey turbidity usually 
imparts a yellow color to water. Suspended matters often influence the 
color of lakes as seen from shore. Marl lakes have a bluish-green shade 
due, it is thought, in part to the reflection of light from the whitish marl 
particles. Lakes rich in plankton acquire a brownish tinge when diatoms 
become abundant, and another color prevails when Ceratium appears in 
large numbers. Filtration eliminates these effects. Drifts of ph3rto- 
plankton give a deep green to local areas. 

Natural waters differ greatly in color. Some are almost colorless, 
while others are heavily stained, and there is almost every imaginable 
gradation between these two conditions. The darkest waters are usually 
those of swamps and bogs, or of streams which drain swamps and bogs, 
in which the color may be so intense as to give the water the appearahce 
of very dilute coffee or of weak tea. Natural, uncontaminated waters 
from certain peat bogs in Europe have been reported as being black as 
ink by reflected light and coffee-brown by transmitted light when 
observed through a stratum 20 cm. thick. Juday and Birge (1933) found 
that in 530 lakes in northeastern Wisconsin, the color varied from 0 to 340 
on the platinum-cobalt standard. 

The following substances are said to play a part in producing color in 
natural waters: (1) Iron, as ferrous sulphate or as ferric oxide, produces 
various shades of yellow depending upon the amounts present. (2) 
Humic matters, originating from peat deposits, produce colors varying, 
with increasing amounts, from blue through green, yellow, and yellow 
brown to dark brown. (3) Large quantities of calcium carbonate are 
claimed to produce a green color. (4) Carbon and manganese are sup- 
posed to be involved in color production, but the exact effect is uncertain. 
Juday and Birge (1933) found a definite correlation between the brown 
color of bog and marsh waters and the amount of organic carbon in the 
surface waters. Color production by some of the substances mentioned 
above has been denied outright by certain investigators. According to 
James and Birge (1938), all colors found in lake waters, subsequent to 
settling, are originally colloid in their nature or are associated with col- 
loids; hence such colors are reducible by filtration. It seems certain that 
the whole matter of color production in water is a very complex one and is 
still badly in need of critical study. 

In some lakes, the color is essentially the same at all depths from 
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surface to bottom ; in others, particularly the brown lakes, there may be a 
very distinct increase in the brown color with increasing depths, increases 
being due to such causes as the increase of vegetable stain or of iron in the 
lower waters. 

Changes in color with season are well known. Some of these are 
rhythmic; for example, certain waters have two periods of maximum 
color (May or June and November or December) and one of minimum 
color in each of the intervening periods. Other changes are irregular, 
such as those produced by rainfall. 

That colored water bleaches on exposure to direct sunlight seems to be 
well established. Ac(tording to Whipple, certain waters lose 20 per cent 
of the original color by 100 hr. exposure to sunlight, and complete color 
loss results from long exposure. Such bleaching is most effective in the 
surface layer and diminishes rapidly with increasing depth. This bleach- 
ing, if and when it occurs, bears directly upon several important lim- 
nological phenomena. Too little is yet known about it to make extended 
discussion profitable, but if bleaching of the magnitude indicated above 
goes on in various (colored waters in nature, it is obvious that it has an 
influential effect on light penetration, since stained waters, as already 
described, affect light absorption. Furthermore, if bleaching goes on all 
summer, those lakes whose waters maintain the same color throughout 
the season must have a soun^c of income of color-producing substances 
which continually replaces the color lost by bleaching. Presumably, the 
circulation of the epilimnion makes it possible for this bleaching to influ- 
ence the wliole upper stratum of a lake or even the whole body of a 
shallow lake. While the effective, diurnal, bleaching period does not 
seem to be definitely known, it is possible that the actual bleaching hours 
are fewer than those of the nonbleaching period. No study seems to 
have been made of seasonal differences in the bleaching effect of sunlight. 

Color of water is determined by comparing a sample with some form of 
colorimeter. Long ago, Forel devised a set of color standards by mixing 
in various proportions two aqueous solutions, one containing copper 
sulfate and the other potassium chromate. His (^olor chart contained 1 1 
graded colors ranging from the deep blue of the copper sulfate solution 
alone to a distinct yellow produced by a mixture of the two solutions in 
which the yellow solution (potassium chromate) predominated. ForeFs 
color scale was the basis for measurement of color in natural waters for 
many years, and even yet there is an occasional mention of it in the cur- 
rent European literature. Two different methods are commonly used in 
America at the present time, viz., (1) the platinum-cobalt standards 
method, the essential feature of which is a series of color standards pre- 
pared by the progressive dilutions of a solution containing potassium 
chloroplatinate; and (2) the U.S. Geological Survey field apparatus in 
which the color standards are colored glass disks, calibrated individually 
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to correspond to the colors of the platinum-cobalt scale. It should be 
noted that in spite of the distinctions commonly made between the true 
and the apparent color of water, field practice often consists merely in the 
measurement of color in a sample taken directly from the water and 
without change of any sort, such as filtration or centrifuging to remove 
suspended matter. 

Turbidity 

Turbidity is a condition of water resulting from the presence of sus- 
pended matters. In common parlance, water is turbid only when its load 
of suspended matter is conspicuous, but, as a matter of fact, all natural 
waters contain suspended materials, and therefore all are turbid, although 
they vary widely in the amount. The clearest of mountain lakes have a 
very low turbidity, while the Missouri River represents the opposite 
extreme. The timeworn statement that ** there is not enough silt in the 
world to make the oceans turbid” is mere fiction, since the oceans are 
already turbid. 

The sources of substances producing turbidity are innumerable. Any 
materials, finely divided or later becoming so, which find their way into 
waters contribute to turbidity, and the great array of materials which 
may get into a lake and the variety of ways of delivering such materials 
to a lake are such as almost to defy complete enumeration. Prominent 
among these materials are plankton organisms, finely divided substances 
of organic origin, and silts. 

From the point of view of their relation to water, turbidity-producing 
substances may be divided into two groups, viz., the settling suspended 
mat,l.ers and the nonsettling suspended matters. 

Settling Suspended Matters. Those substances which in motionless 
water will sooner or later settle to the bottom are known as the settling 
suspended matters. Certain materials settle very slowly; others settle 
with considerable promptness. Hate of settling is determined largely by 
the specific, gravity of the particle, by the size of the particle, by the ratio 
of surface to volume of the particle (shape), and by the viscosity of the 
water. Long ago, Stokes constructed the following formula to express 
the velocity of fall of a spherical body through a liquid: 

y ^ 2g(s - sy^ 

9v 

where V = velocity of falling particle. 

g = acceleration due to gravity (32.16 ft./sec.^, or 980 dynes). 
s = specific gravity of body. 
s' = specific gravity of liquid. 
r = radius of body. 

V = viscosity of liquid. 
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While certain modifications of this law have been proposed for use in 
physiological work, it expresses, in its original form, the essential factors 
involved and their general relations. Owing to the fact that Stokes's 
law as stated involves several fundamental assumptions, its use in deter- 
mining the rate of settling of particles in lake waters is dependable only 
as the existing conditions approach the fundamental ones inherent in the 
formula. To express the sinking velocity of plankton organisms, Ostwald 
(1902) proposed the following simplified formula: 

«... , ., excess of weight 

m ing ve oci y — water X form resistance 

In this formula, excess of weight is the difference in the specific gravity 
of the body and that of the water ; and form resistance is the surface area 
and shape of the body. Steuer (1910) also presented means of applying 
this formula to plankton problems. Since particles in water vary widely 
in shape, size, and specific gravity, and the water itself varies in viscosity, 
it is not possible to present any satisfactory mathematical statement of 
the rate of sinking applicable to lakes in general, although certain rather 
complicated formulas have been proposed. Likewise, specific data on 
rate of settling of particulate matter in lakes are very meager. Table 8, 
taken from Whipple (1927), indicates the probable settling rate under the 
conditions specified. The hydraulic subsiding value of spherical particles 
possessing a specific gravity of that of quartz sand (2.65) has been esti- 
mated as follows: 


Table 8. Rate of Settling in Puke, Still Water* 

Temperature of water, 50® F.; specific gravity of particles, 2.65; shape of particles, 

spherical 


Material 

Diameter, 

mm. 

Hydraulic ! 

subsiding value, 
mm. per see. 

Time required 
to settle 1 ft. 

Gravel 

10.0 

1000.0 

0.3 see. 
3.0 sec. 

Coarse sand 

1.0 

100.0 

Fine sand 

0.1 

8.0 

38.0 sec. 

Bilt 

0.01 

0.154 

0.00154 

33 . 0 min. 

66.0 hr. 

230 . 0 days 

63 years 

Bacteria 

0 001 

Clay 

0.0001 

0.0000154 

Colloidal particles 

0.00001 

0.000000164 



* Reprinted by i>ermiBBion from Whipple, ‘*The Microscopy of Drinking Water,” 4th ed., John 
Wiley ft 8on», Inc., 1927. 


The substances mentioned above represent but one class of particles 
(on basis of specific gravity) and must be regarded largely as suggestive 
only. In every lake and at all times of year, there is a continuous settling 
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through to the bottom of particulate matter. This continuous rain of 
material varies in amount from time to time, and without doubt the 
settling is a differential one depending upon the various conditions 
expressed in Stokes’s law. Furthermore, it may well be that certain 
additional influences are also operative, as, for example, the effect of 
surrounding particles upon a single particle in the sinking performance. 
Unfortunately, almost nothing is known about the interrelation of the 
various particles as the whole mass settles through the water. 

It must not be overlooked that the settling of particulate materials is 
by no means at a uniform rate, particularly in a deeper lake having con- 
siderable difference in temperature (and hence differences in viscosity) 
between the surface and bottom layers. In the presence of thermal 
stratification, particles settling through the epilimnion, under conditions 
of calm, might have a fairly uniform rate until they reach the thermocline, 
where the rate of settling is abruptly reduced and passage through 
the thermocline is not only slow but actually diminishes in rate until the 
lower thermocline limit is reached. Then, since the hypolimnion is 
usually similar in temperature throughout, the remaining passage to the 
bottom would be at about a uniform rate, although the rate would be 
relatively slow, since the deep, cold water has a greater viscosity. There 
is, however, some counterinfluence due to the fact that decreasing temper- 
ature usually increases the specific gravity of the particles. In the 
absence of thermal stratification, rate of settling would be modified by 
any inequalities of temperature in the water, whatever their causes and 
positions. Kindle (1927) studied the effects of thermal stratification on 
the settling of sediments by developing thermal stratification in a labora- 
tory jar and then slowly adding fresh lake-bottom ooze which had first 
been carefully mixed with water having the same temperature as that of 
the artificial epilimnion. The sediment spread '‘uniformly through the 
water above and within the thermocline and remained floating on the 
denser cold water below’ with a sharply defined base at the contact of the 
colder water.” Owing to the difficulty of maintaining artificial thermal 
stratification for any considerable time, the subsequent developments in 
his experiments are probably not a true picture of the natural phenomena, 
but it seems that these experiments support the conclusion that the 
sharply contrasted densities and viscosities of the epilimnion and the 
hypolimnion cause a distinct delay in the settling of finely divided sedi- 
ments. Kindle also pointed out that there are three general effects of 
the summer thermal stratification on the finely divided settling matters : 
(1) Delayed settling of fine, suspended matter in the epilimnion facilitates 
its oxidation and largely controls the character of other biochemical 
changes in the sediments which are dependent upon temperatures; (2) 
delayed settling promotes a sorting and a selecting of sediments, since 
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the various kinds of particles settle through a stratified liquid until they 
reach a layer approximating their own specific gravity; and (3) in the 
alkaline epilimnion and the neutral or even acid hypolimnion, the bio- 
chemical products and the resulting sediments differ accordingly. 

Thus it follows that in the epilimnion of a lake the water may be saturated 
or nearly saturated with respect to calcium carbonate, and deposits of marl may 
be formed in the bottom within the limits of the epilimnion zone, while in the 
deep water the acidity may be sufficient to dissolve shells or other calcareous 
matter [falling into it]. 

During the complete overturns of spring and fall, circulation of the 
water to all depths brings about a temporary, uniform distribution of the 
suspended matters and may also return into suspension finely divided 
matters previously settled to the bottom. Some of these materials are so 
finely divided and the specific gravity so low that any small movement of 
the water is sufficient to bring them into suspension again. Therefore, 
the turbidity of a lake may be greatly increased temporarily at overturns, 
although not all turbidity at those periods is due to th(i overturn alone. 
The early portion of the spring overturn may coincide with (1) the spring 
thaw when the turbidity is further increased by much inflow of surface 
water bearing large amounts of silt; (2) the spring maximum of plankton; 
and (3) release into the water of the winter accumulations of wind-blown 
materials in and upon the ice. Likewise, the autumn overturn may 
coincide, in part, with (1) the autumnal plankton maximum; (2) a period 
of increased wind-blown material ; and (3) autumn rains. After the over- 
turn is completed, settling out of much of the materials occurs rather 
quickly, and the water resumes a more transparent condition. In those 
lakes having either an incomplete overturn or none at all, the permanently 
stagnant deep waters, although not themselves circulating, be(H)me 
temporarily more turbid by the increased amount of sediment settling 
through from above at those times when the surface waters become 
markedly turbid. 

Turbidity conditions during the winter stagnation period are usually 
different from those of other seasons. Ice cover not only shuts out wind- 
blown particulate matter, but it eliminates • all surface disturbance, 
imposing dead-calm conditions upon underlying water. Furthermore, 
density- viscosity relationships arc altered. 'The colder^ lighter ^ but more 
viscous water is at the top, while the warmer, heavier, but less viscous water 
is below. While little is known about the actual facts of settling of par- 
ticles under these conditions in a lake, it seems likely that those particles 
at the top which will settle do so at about a uniform rate from top to 
bottom, since the temperature conditions, operating as they do on the 
specific gravity of the particles themselves, on density, and on the viscos- 
ity, apparently about balance each other. It should also be remembered 
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that the difference in temperature between top and bottom is but 4®0. 
when bottom water is at maximum density; also, that it is changed viscos- 
ity rather than changed density that exercises the major effect upon the 
rate of settling. 

The more or less constant wave action of the upper waters of a lake 
not only tends to slow down settling of suspended materials but also, 
as pointed out elsewhere, erodes and transports shore materials some of 
which are finely divided and become, at least temporarily, suspended 
matter in the water. Irregularities of turbidity thus arise from that 
continuously changing character of surface-water disturbance of which 
there is every possible intergrade from calm to violent storms. Irregu- 
larities also arise out of (1) inflowing waters at one side of the basin; (2) 
floods and droughts affecting inflowing waters; (3) sudden contributions 
of wind-blown material; (4) plankton swarms and plankton drift; (5) 
differences in shore configuration; and other possible local circumstances. 

Nonsettling Suspended Matters. By nonsettling suspended matters 
are meant either those exceedingly finely divided solids or those materials 
whose specific^ gravity is less than water which are in permanent suspen- 
sion as long as their state remains unchanged. Such materials do not 
settle out on long standing in undisturbed water. True it is that there 
are intergrades between the settling suspended matters and the non- 
settling matters and that certain of the former settle at an exceedingly 
slow rate. Also, it is certain that some of the former undergo physical 
and chemical changes which may convert them into the nonsettling state. 
Furthermore, materials which will settle slowly in the upper waters may 
bo(jome nonscttling in the deep, denser water; for example, in certain 
lakes, the bottommost waters are exceedingly turbid owing largely to 
nonsettling materials. 

In a very general way, these nonsettling materials may be divided into 
two classe\s: 

1. Plankton organisms and coarsely divided, nonliving substances 
whose specific gravity is such that they are constantly suspended. 
C Certain of these materials are so constituted that only strong centrifuging 
will pull them down. The plankton Alga Gloeotrichia, so common in 
many lakes, is an excellent example. 

2. Very finely divided, nonliving materials and organisms of exceed- 
ingly small size, such as some of the very minute nannoplankton. 

There is reason for believing that all natural waters contain a certain 
amount of nonsettling suspended matter, the amounts varying ^in differ- 
ent waters and varying from time to time in the same water; also, that 
these materials grade down in size of particle to that of true colloids. 
Materials in colloidal suspension may undergo flocculation, forming 
particles sufficiently large to sink eventually under the influence of 
gravity. 
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CHEMICAL CONDITIONS AND RELATED PHENOMENA 

Chemically pure water does not exist in or upon the earth. While 
natural waters differ widely in their chemical content, it can be said with 
safety that those with but minimal chemical content are nevertheless 
chemically complex. Everything conspires to make a lake or stream a 
catch basin for innumerable materials coming to it from the atmosphere, 
from drainage, and from its own basin. Combine with these circum- 
stances those qualities of the water itself — its ability to dissolve more 
substances than any other liquid, its own chemical stability, its ability to 
combine chemically with a great array of substances, and its ability to 
interact with some substances in hydrolysis — and the stage is set for one 
of nature's greatest displays of chemical diversity and chemical dynami(;s. 
The existence and continuance of life in water depend upon the presence 
of that miscellaneous array of substances which natural water contains, 
and, in a general way, the richer the contained substances the greater the 
biological productivity. If pure water existed in nature (an impossibility, 
of course), it would be a biological desert, since no organism could con- 
tinue to live in it. It follows, therefore, that limnology is concerned 
in a very important way not only with the water itself but also with its 
large and varied chemical content. Much yet remains to be discovered 
in this field. In the following discussions, only those features now known 
to be important will be considered. Phenomena still little known will 
either be mentioned only or omitted outright. 

DISSOLVED GASES 

A dissolved gas is one which so intermingles with water that its ex- 
tremely minute subdivision extends down to molecular dimensions. For 
example, by dissolved oxygen is meant oxygen added to already existing 
water and intermingled with the latter to the degree just mentioned. 
Gases, originating from the atmosphere, from the lake basin, from sub- 
stances and organisms within the water, or from drainage, may go into 
solution in natural waters, and since some of them at least play a far- 
reaching part in aquatic biology, they must be taken up in some detail. 

When a gas is brought into contact with water, it dissolves in the 
water until a state of equilibrium is reached in which the solution and the 
emission of the gas are balanced, as, for example, oxygen (gas) ^ oxygen 
(dissolved). Total solubility is expressed in Henry’s law; the concentres 
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tion of a saturated solution of a gas is 'proportional to the pressure at which 
the gas is supplied. This tendency to establish equilibrium prevails 
irrespective of whether the initial excess of the gas occurs outside the 
water or in solution in it. 

Conditions Affecting the Solubility of Gases in Water 

When a mixture of two or more gases at the same temperature is in 
contact with water, each individual gas behaves as if all the other gases 
were absent and it alone occupied the whole available space. Therefore, 
in a mixture of 100 cc. of oxygen and 400 cc. of nitrogen, each at a pres- 
sure of 1 atmosphere, the resulting mixture occupies 500 cc. at this 
pressure. The oxygen, however, behaves as if it were under a pressure of 
only or atmosphere, and the nitrogen behaves as if it were 

under a pressure of or % atmosphere. This relation forms the 

essence of Dalton’s law of partial pressures, which may be stated as 
follows: The pressure exercised by each component in a gaseous mixture is 
proportional to its concentration in the mixture^ and the total pressure of 
the gas is equal to the sum of those of its components. 

Solubility of gases differs widely, even when their pressures are equal. 
It is therefore necessary to know the solubility constants. Henry’s law 
is sometimes stated as 


C = Kp 

where C = concentration of gas in solution. 
p = partial pressure of gas. 

K = constant of solubility. 

Other general conditions affect the solubility of a gas. 

1. Rising temperature reduces the solubility. 

2. Increasing concentration of dissolved salts diminishes solubility. 

3. Rate of solution is greater when the gases are dry than when they 
contain water vapor. 

4. Rate of solution depends upon the degree of undersaturation of 
the water with the gases concerned. The greater the degree of under- 
saturation the greater the rate of solution. 

5. Rate of solution is increased by wave action and other forms of 
surface-water agitation. 

Since gases are related to natural waters in various ways, these funda- 
mental relations must be kept in mind. 

Since the volume of a gas varies inversely with the pressure, the actual 
volume of the gas absorbed, compared with that at standard conditions 
(0®C. and 760 mm.), will be twice as much under a pressure of 2 atmos- 
pheres and only one-half as great under a pressure of atmosphere; i.e., 
the actual volume as indicated above varies directly with the pressure. 
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Dissolved Gases in Natural Waters 

The following dissolved gases are of sufficient frequency in natural 
waters to require discussion here : oxygen, carbon dioxide, methane, hydro- 
gen sulfide, nitrogen, ammonia, sulfur dioxide, and carbon monoxide. 

Oxygen. Sources of Dissolved Oxygen. The principal sources of dis- 
solved oxygen in water are (1) directly from the atmosphere through the 
exposed surface and (2) from the photosynthesis of chlorophyll-bearing 
plants. 

Since the atmosphere is usually in contact with the surface of water, it 
becomes a consistent source of oxygen. Absorption of oxygen from air is 
accomplished in two ways: (a) by direct diffusion at the surface and (6) 
through the various forms of surface-water agitation, such as wave action, 
waterfalls, and turbulences due to obstructions. 

Direct diffusion from the air through the surface film and into under- 
lying water is a very slow and relatively ineffective form of supplying oxy- 
gen to water, even though it is potentially operative twenty-four hours in 
the day and at all times except when complete ice cover is present. While 
there is some variation in the rate of diffusion conditioned by temperature 
and by the relative concentration of the gas in the different water strata, 
it is always a very slow process. A rough statement often used is that 
oxygen diffuses at the rate of about 6 m. per year in quiet water having a 
constant temperature. One authority (Hoppe-Seyler) found that oxy- 
gen-free water in the laboratory and at a constant temperature acquired 
oxygen by diffusion alone to a depth of only 6 m. in a year and then 
only to the amount of 0.25 cc. per 1. Another investigator (Hlifer) 
calculated that in Lake (./onstance, Switzerland, 42 years would be 
required for oxygen to pass from the surface to the bottom, a depth of 
250 m., by diffusion alone; furthermore, that it would require 1,000,000 
years for the same lake to become saturated with oxygen if the tempera- 
ture of the water were 10°C., and if it were completely devoid of dissolved 
oxygen to start with and had to acquire it wholly by diffusion. It 
therefore appears that, as a means of distributing oxygen in water, diffu- 
sion is a minor factor. If natural waters depended upon diffusion alone 
for the internal distribution of dissolved oxygen, the biology of aquatic 
environments would be different in many important respects. 

The highly effective means of supplying oxygen to water is agitation in 
its various forms. Many of the familiar aerating devices used in connec- 
tion with aquariums are based upon this fact. In nature, all forms of 
surface-water movement function to a greater or lesser extent in this 
way. In lakes, wave action with its various accompaniments has 
no rival in effecitiveness in incorporating into the upper waters, and 
often indirectly into the deeper ones, a supply of oxygen, frequently 
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maintaining in the surface waters a condition approaching saturation. 
During periods of ice cover, this means of supplying oxygen is tempo- 
rarily eliminated. 

Aquatic chlorophyll-bearing plants in their photosynthetic activities 
release oxygen directly into the water, diffusion and water movements 
subsequently effecting its wider distribution. Since photosynthesis 
depends upon an adequate supply of the essential part of sunlight, the 
depth to which green plants may exist is limited by all of those factors 
which facilitate or reduce light penetration. The total photosynthetic 
zone, even in the most transparent waters, is after all confined to the 
upper strata of deep lakes. 

Two zones of production of oxygen by green plants are common in 
lakes: (1) the littoral, or shore, zone of shallow water which supports 
the beds of rooted plants and (2) the limnetic, or open-water, zone in 
which green plants are present only as phytoplankton. Since the phyto- 
plankton occupies the water from shore to shore, the latter zone overlaps 
the former in deeper lakes, although in the large, extremely shallow ones, 
both may occupy the whole lake. 

The amount of oxygen derived from green plants depends upon a 
number of things, prominent among which are (o) concentration of plants 
in a given cubic unit of water and (6) duration of effective light. In 
dense vegetation beds or in dense concentrations of phytoplankton, the 
oxygen evolved is of large amount during the day, although it is often 
inconspicuous, owing to the fact that the water movements level out the 
oxygen accumulation by keeping it distributed over an area much wider 
than that occupied by the vegetation bed. Under conditions of complete 
calm, the water surrounding dense vegetation beds may show an oxygen 
pulse j i.e., a distinct rise in dissolved oxygen content, which reaches a 
maximum in late afternoon, this maximum being due to the gradual 
accumulation during the day. This accumulation begins to fall off with 
the decline of effective sunlight and with the continued activity of the 
oxygen-consuming factors to be mentioned later. The duration of effec- 
tive light varies with the season, being longer in summer. A limited 
amount of photosynthesis is said to occur in bright moonlight. Ice 
cover in winter imposes a partial barrier to light (page 81), and while 
there is evidence that some light gets through into the uppermost water 
and that a certain amount of photosynthesis is performed by the green 
plants under the ice, the quantity of oxygen resulting therefrom is much 
reduced as compared with the amounts so produced in summer. Com- 
bined action of the oxygen-supplying sources and special circumstances 
sometimes produce supersaturations of considerable magnitude. 

Reduction of Dissolved Oxygen. An adequate supply of dissolved oxy- 
gen is one of the prime requirements of most aquatic organisms. There- 
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fore, oxygen-consuming processes require careful consideration. The 
principal causes of oxygen decrease in water are: 

1. Respiration of animals and plants. This is a continuous activity 
day and night. 

2. Decomposition of organic matter. Dissolved oxygen is used up in 
decomposition of the mucky bottom materials and the suspended organic 
matter. Decomposition goes on faster in warm than in cold conditions; 
therefore, loss of oxygen due to this cause is greater in the shallower 
waters during the summer. However, it goes on to some extent at all 
temperatures down to freezing; and, as will be pointed out later, in the 
cold, profundal waters, it often aids in the deoxygenation of the entire 
hypolimnion. Obviously, the total loss of oxygen due to decomposition 
in a lake depends upon the amount and distribution of organic accumula- 
tions, upon the prevailing temperatures of the water, and upon the volume 
of water in the hypolimnion if thermal stratification is present. 

3. Reduction due to other gases. It is well known that a gas may be 
entirely removed from solution by bubbling another gas through the 
water in which it is dissolved. This is due to the fact that a gas will leave 
a solution and pass into a space until the rates of emission and return 
become equal. Bubbles of another gas passing through water furnish the 
space to receive the emitted, original gas; also, the bubbles present rela- 
tively large surfaces so that that process goes on rapidly. Since the 
bubbles rise to the surface and burst, there is no chance for re-solution 
of the first gas, since it is expelled into the atmosphere. Actually, it is 
caught, transported, and eliminated. In nature, decomposition gases 
(carbon dioxide, methane, and others) often accumulate at the bottom of 
a lake in such quantities that a certain excess rises through the water in 
the form of bubbles. In lakes having bottom accumulations of organic 
matter, it is no uncommon thing to observe, on a calm summer day, 
masses of bubbles rising and breaking at the surface. Such gases arise 
from the muck beds in deep water, but even greater quantities may be 
released in the warmer, shallower regions of a lake where large amounts of 
organic matter of recent oripn are deposited. Since the rise of gases from 
bottom deposits is a continuous process, day and night, and since such 
gases are not oxygen, they continually rob the water of some of its dis- 
solved oxygen. The sum total so removed during a year, w^hile not 
known, is probably of considerable magnitude. Obviously, the amounts 
so removed depend upon the quantity of bottom gases produced and 
released. 

When organic bottom accumulations are kept largely removed by 
currents or by other special circumstances, loss of dissolved oxygen by 
this means is small. 

4. Automatic release of dissolved oxygen from the water of the epi- 
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limnion due to the oncoming of summer temperatures. As will be shown 
later, the capacity of water for oxygen increases with decrease of tempera- 
ture, i.e., the colder the water the greater the amount of oxygen that it 
can contain before saturation is reached. Since, therefore, the water of a 
lake takes on its maximum load of oxygen shortly after the ice cover goes 
off in spring (during the spring overturn), subsequent warming up of the 
surface waters reduces the amount which the water can hold, and it may 
happen that well toward 50 per cent of the oxygen contained in the upper 
water in early spring may be given back to the air by midsummer, owing 
to the inability of water to contain it at prevailing midsummer tempera- 
tures. Just at the freezing point, saturation capacity of water is about 
10.2 cc. per 1. ; while at 25°C., the saturation capacity is about 5.8 cc. per I. 
It must not be assumed that the water of the epilimnion of every lake is 
continually saturated with oxygen, since circumstances may keep it some- 
what below the saturation point. This, however, does not essentially 
alter the oxygen reduction just described. The amount of reduction may 
vary widely with different lakes. 

5. Inflow of subterranean water. Subterranean waters are usually 
very low in dissolved oxygen, often showing total absence. In lakes with 
considerable inflow of underground water into the deeper parts of the 
basin, the volume of water with reduced oxygen content may be materi- 
ally increased in this way. If such water is delivered near the surface, 
its effect may not be so significant, since the surface circulation tends to 
aerate it, but, if delivered below the thermocline, it will aid materially in 
making the hypolimnion a region of low oxygen content. Since the 
deeper underground waters are already cold before they enter a lake, 
they will tend to remain in the deeper parts of the lake basin. 

6. Presence of iron. It is claimed that in those lakes which contain 
iron the oxidation of soluble iron compounds to form the insoluble ferric 
hydrate plays an important part in the exhaustion of the dissolved oxy- 
gen. That iron does occur, in some lakes, dissolved in the water and 
deposited at the bottom is well known, but the relative importance of its 
oxygen-consuming power in lakes is at present too little known to make 
possible any satisfactory general discussion. 

Most or all of the causes of oxygen reduction mentioned above com- 
monly act simultaneously, and their combined effect may, in extreme 
cases, seriously deplete the oxygen supply. In shallow, plant-filled 
waters, the dissolved oxygen may be completely eliminated during the 
night by the oxygen-consuming forces when photosynthesis is temporarily 
absent. Fortunately, such extensive reduction is not of common occur- 
rence. Complete exhaustion of oxygen in the hypolimnion will be dis- 
cussed later (page 126) in connection with the seasonal physical-chemical 
cycle. 
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Solubility of Oxygen, By volume, air contains about 20.9 per cent 
oxygen and about 79.1 per cent nitrogen, but this is not the proportion of 
the two gases when they are dissolved, because they are not equally 
soluble in water. In fact, since the oxygen is more soluble than the 
nitrogen, the air that is dissolved in the water consists of 34.91 per cent 
oxygen and 65.09 per cent nitrogen. 

Temperature affects the quantity of gas which can be absorbed. Cold 
water has a greater capacity for gas than does warm water. When water 
containing gases in solution is heated, its capacity is decreased (solubility 
becomes less and less) as the temperature rises, and some of the gas is 
given off. If water is boiled for a short time, practically all dissolved 
gases will be removed. Table 9 indicates the relation of temperature to 
solubility of oxygen in water. More detailed data are available in any 
standard book of chemical and physical tables. 

Table 9. Solubility of Oxygen in Fresh Water at Different Temferatitres 
When Exposed to Air Containing 20.9 Per Cent Oxygen and ttni>er a 
Pressure of 760 Millimeters 


Temperature, ®C. 

O 2 , p.p.m. 

O 2 , cc. ptir 1. 

0 

14.62 

10.23 

5 

12. SO 

8.96 

10 

11.33 

7.93 

15 

10.15 

7.11 

20 

9.17 

6.42 

25 

8.38 

5.86 

30 

7.63 

1 

5.34 


Salinity reduces the solubility of oxygen. For example, oxygen is 
about one-fifth less soluble in sea water than in fresh water. This fact 
should not be overlooked in studies on the inland saline waters. 

Carbon Dioxide. Sources of Carbon Dioxide Dissolved in Water, 1. 
Directly from air. Air normally contains some free carbon dioxide. 
The amount is relatively small in open country regions (about 3.5 parts in 
10,000) but may be larger in the vicinity f)f cities and in volcanic regions. 
It is readily soluble in water. Since the partial pressure of carbon dioxide 
in air is low, the amount which remains in solution at a given temperature 
is also low. Therefore, water freely exposed to air may contain, under 
normal conditions, a small amount of free carbon dioxide by having 
absorbed it directly from the air. However, amounts so secured are 
minor compared with the quantities provided from other sources. 

2. From inflowing ground water. Waters filtering through the soil 
commonly acquire considerable quantities of carbon dioxide from the 
decomposing matters with which they come into contact. 
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3. Decomposition of organic matter. Accumulations of organic mat- 
ter, common in natural waters, undergo decomposition, one product of 
which is free carbon dioxide. Active deposition of organic materials on 
the floor of a lake goes on uninterruptedly, although with somewhat 
varying rates at different times of year, since fresh, decomposable matter 
is continually added to the bottom. Decomposition occurs at all times 
of year, although more slowly when temperatures are low. Other things 
being equal, the amount of carbon dioxide so produced varies with the 
amounts of organic matter deposited. Under some circumstances, very 
large quantities of the gas are produced in this way. Allgeier, Peterson, 
Juday, and Birge (1932) studied the fermentation of bottom deposits in 
Lake Mendota, Wisconsin, under laboratory conditions. It was found 
that carbon dioxide was the second largest decomposition product, con- 
stituting 3 to 30 per cent of the total gas evolved. 

4. Respiration of animals and plants. Respiratory processes continu- 
ally produce and release carbon dioxide into the water. Obviously, 
quantities so formed are governed by the magnitude of the aquatic flora 
and fauna, the relative size of the individual organisms, and those circum- 
stances which determine the rate of respiration. Without question, 
quantities so produced are much larger than is ordinarily supposed. 

5. In combination with other substances, chiefly calcium and magne- 
sium. Carbon dioxide also occurs in natural waters in two other impor- 
tant forms, viz., (a) a part of the nearly insoluble monocarbonate (such 
as CaCOa or MgCOa) and known as fixed, combined, or bound carbon 
dioxide; and (b) that additional amount required to convert the mono- 
carbonate into the bicarbonate [such as Ca(IIC 03)2 or Mg(HC 03 ) 2 ] and 
known as the half^-bound. This half-bound carbon dioxide is not in so 
stable a state as the fixed carbon dioxide and may be regarded as being 
a sort of intermediate between ihefree and fixed carbon dioxide. In fact, 
it is in such loose combination that Algae are able to utilize a large part of 
it (as much as 92 per cent according to Wiebe, 1930) in their photo- 
synthesis. Bound carbon dioxide has been regarded as unavailable to 
the Algae, but it is now claimed that some can also be used. Water 
charged with free carbon dioxide is an active agent in converting the 
monocarbonates, when it meets them in the ground, into soluble bicarbon- 
ates, thus transporting them in solution. Such subterranean, inflowing 
waters may supply considerable quantities of carbon dioxide in this form. 
Subterranean waters are much more likely to contain larger quantities 
of bicarbonates than are the surface drainage waters, since surface soils 
are often low in carbonates. 

Reduction of Carbon Dioxide in Natural Waters. Since, as will be shown 
later, carbon dioxide is an extremely necessary constituent in an aquatic 
environment, the processes which tend to reduce the carbon dioxide 
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supply, either permanently or temporarily, must be carefully considered. 
The principal ones are the following: 

L Photosynthesis of aquatic plants. Consumption of free CO 2 in 
photos 3 mthesis is dependent upon several circumstances, such as the 
amount of green plants, both phytoplankton and higher plants, which the 
water supports; duration of effective daylight; transparency of the water; 
and time of year. Some photosynthesis occurs under the ice cover, 
although in much reduced amounts, and some photosynthesis is said to 
occur in the presence of moonlight. Under this heading should be 
mentioned the utilization of the half-bound carbon dioxide by Algae; 
also, its indirect release when plants exhaust the free carbon dioxide, and 
half-bound carbon dioxide becomes detached as free carbon dioxide by 
difference in tension. 

2. Marl-forming organisms. The following groups of aquatic organ- 
isms are known to function in the formation of marl (largely calcium and- 
magnesium carbonate): certain rooted, submerged plants; marl-forming 
Algae; mollusks which form calcareous shells; and some insects. Lime- 
precipitating bacteria may also be involved. A few other organisms may 
function similarly in a minor way. That these organisms, except the 
bacteria, are related to the formation of the insoluble carbonates is well 
established, but the nature of the various lime-forming processes involved 
is not definitely known. In some instances, at least, the carbonate is in 
the nature of a cell product of the organism. In other erases, the process 
appears to be a form of external precipitation, brought about by the con- 
sumption of half-bound carbon dioxide leaving the insoluble carbonate. 
Marl eventually sinks to the bottom, and, depending upon circumstances, 
the carbon dioxide involved goes temporarily or permanently out of 
circulation. Since these events automatically involve the calcium and 
the magnesium, and since the whole subject has numerous biological 
ramifications, it will be discussed more fully elsewhere (pages 190, 196). 
The status of lime-precipitating bacteria is uncertain. Precipitation of 
large quantities of calcium carbonate in the sea by a bacterium has been 
both claimed and disclaimed. Also, the presence of lime-precipitating 
bacteria in fresh-water lakes still remains to be positively demonstrated. 

3. Agitation of water. Under certain circumstances, agitation of 
water is said to release some of the half-bound carbon dioxide with conse- 
quent precipitation of calcium carbonate, although it is also claimed that 
such release may occur in quiet, inflowing w^ater. Bicarbonate brought 
in by spring water has been described as giving up half-bound carbon 
dioxide in this way. Agitation is a very effective method of eliminating 
free carbon dioxide in water. This accounts, in part, for the fact that 
surface waters usually show, by chemical test, little free carbon dioxide, 
although the gas may occur in the deeper parts in large amounts. Much 
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of the free carbon dioxide formed by decomposition of bottom materials 
is lost into the air by the circulation and wave agitation of the water. 
This elimination at the surface goes on constantly except under condi- 
tions of dead calm and during periods of ice cover. Water, therefore, is 
automatically prodigal of one of its most important biological assets, 
and the losses of free carbon dioxide by this means are often great. Such 
losses would be even greater if it were not for the fact that in many lakes 
sufficient amounts of the monocarbonates are present to take up some of 
the free carbon dioxide before it is lost to the air. 

4. Evaporation. Evaporation of waters containing bicarbonates 
results in the loss of half-bound carbon dioxide and the precipitation of 
monocarbonate. This form of loss is greatest in shallow lakes of large 
area where evaporation is most effective. 

5. Rise of bubbles from depths. Free carbon dioxide often accumu- 
lates in decomposing bottom deposits in such quantities that at frequent 
intervals increasing internal pressure of the gas exceeds the external 
pressure, and the excess rises in the form of masses of bubbles, some of 
large size, to the surface and is lost into the air. Mention has already 
been made (page 96) of this well-known phenomenon in lakes. While 
not all bubbles which rise to the surface in summer are composed of free 
carbon dioxide (other gases may be involved), nevertheless in some 
waters, at least, much free carbon dioxide is lost in this way. 

Solubility of Carbon Dioxide. Carbon dioxide dissolves readily in 
water. It dissolves in its own volume of water at 760 mm. pressure and 
15®C. Solubility follows Henry's law (page 92) closely up to pressures 
of 4 or 5 atmospheres. Table 10 indicates the influence of temperature 
on solubility. 

Table 10. Influence op Temperature upon Solubility of Carbon Dioxide* 


Temperature, 

Absorption 

“C. 

Coefficient 

0 

1.713 

5 

1.424 

10 

1.194 

15 

1.019 

20 

0.878 

25 . 

0.759 

30 

0.665 


1 Values selected from “ Handbook of Chemistry and Physics/' ed. by Hodgman, Chemical Rubber 
Company. 

/ 

Classification of Lakes on Basis of Bound Carbon Dioxide. Birge and 
Juday (1911) offered the following classification of lakes on the basis of 
bound carbon dioxide present: 

1. Soft- water lakes — ^those whose waters hold small amounts of calcium 
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and magnesium in solution and in which the average bound carbon 
dioxide does not exceed 5 cc. per 1. 

2. Medium-class lakes -those which contain a medium amount of 
bound carbon dioxide, i.e., those whose bound carbon dioxide falls 
between 5 and 22 cc. per 1. 

3. Hard-water lakes — those which contain more than 22 cc. per 1. of 
bound carbon dioxide. The maximum amount of bound carbon dioxide 
in lakes of this class may approach or possibly exceed 50 cc. per 1. 

Interrelations of Frec^ Bound, and Half-hound Carbon Dioxide. Free 
carbon dioxide, dissolving in water, combines in part with the water to 
form carbonic acid. In other words, CO 2 exists in natural waters both as 
free CO2 and as H2CO3. The relation is supposed to be CO2 (gas) 

(1 — n) CO2 (dissolved) + (n) H2CO3 in which the value of n is said to 
be greater than 0.5, meaning that more than one-half of the CO2 in solution 
is in the form of II2CO3 and the remaining portion is simple CO2. The 
almost insoluble calcium or magnesium monocarbonate reacts with the 
carbonic acid to form the soluble bicarbonate. Various processes, some 
of which have already been mentioned, detach, in one way or another, 
the half-bound carbon dioxide, causing the resulting carbonate to be 
released in almost insoluble form, and it settles to the bottom as marl, 
thus taking out of circulation, temporarily at least and sometimes per- 
manently, the bound carbon dioxide. If the marl so deposited is later 
overlaid by clayey or other relatively nondccomposable materials, it 
may become permanently removed from circulation; if, however, it is 
later brought into contact with free carbon dioxide, which in natural 
waters is commonly being produced, transformation into the soluble 
bicarbonate will occur, and it will again be available for circulation. 
If the supply of carbonate formed or brought into a lake is in such excess 
that the free carbon dioxide supply cannot convert all of it, such a lake will 
have a permanent deposit of carbonate even though it may be completely 
exposed to the water and may become a ‘‘marl lake^^ if the marl-forming 
agencies continue to outrun the free carbon dioxide-forming agencies. 
On the other hand, in a lake where the reverse conditions (free carbon 
dioxide production always exceeds the marl deposition) prevail, marl 
deposits will be absent. Special circumstances'may bring about a regular 
or an irregular alternation of free carbon dioxide production and con- 
sumption so that a corresponding conversion of carbonate into bicar- 
bonate and the reverse occurs. It should be noted, however, that the 
smaller the calcium and magnesium content the less prominent this whole 
phenomenon becomes, so that in the very soft waters it is virtually absent. 
Other bicarbonates, such as iron bicarbonate, Fe(HC 03 ) 2 , may be present 
in water and not only tie up quantities of carbon dioxide but, under some 
circumstances, may undergo similar reciprocal transformations. Eroding 
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shores occasionally bring to light the existence of marl beds extending 
out under the land which were laid down in ancient times when the waters 
covered a greater area. Such beds together with those which occur 
buried in the bottoms of lake basins and found only by the use of penetrat- 
ing marl samplers are mute testimony to the great quantities of those two 
very important prodin^tion substances — calcium and carbon dioxide — 
which the water by its own natural processes has eliminated. 

Acidity, Alkalinity, and Neutrality of Water, Formerly, it was the 
practice to define acidity in natural waters as due to the presence of free 
carbon dioxide; alkalinity, as the absence of free carbon dioxide and of 
lialf-bound carbon dioxide; and neutrality, as that condition in which the 
monocarbonates were just converted into bicarbonates but with no excess 
of free carbon dioxide. While the various evolutions of free carbon 
dioxide are intimately involved in these matters, it is now known that 
carbon dioxide is but one of many substances in natural waters which 
bring about conditions of acidity, alkalinity, or neutrality. Since these 
matters are tied up with the subject of hydrogen-ion concentration, 
further discussion will occur under that heading (page 114). 

Other Dissolved Gases. Methane, Methane, sometimes called 
marsh gas, is one of the products of decomposing organic matter at the 
bottoms of marshes, ponds, and lakes. Lakes having imperfect overturns 
may show larger amounts at the bottom than would otherwise be 
expected. Conditions favorable for production of methane appear at 
about the time the dissolved oxygen content is exhausted. In lakes in 
which conditions conducive to methane production continue for four or 
five months in summer, amounts at the bottom may vary from a mere 
trace at the beginning of the period to more than 10 cc. per 1. In fact, 
there are records of bottom-water samples which showed almost 40 cc. 
per 1. Under favorable circumstances, large quantities are produced 
over the period of a summer, much of which cs(;apes into the air. I kittle 
is known concerning its formation and fate during the period of ice cover. 
Mention has already been made of the commonly observed rise of gas 
bubbles from the bottom. Those large submerged accumulations of 
decomposing vegetable matter which sometimes occur along the margins 
of lakes and streams in summer may yield prodigious quantities of 
methane when the mass is stirred with an oar. It rises to the surface in 
huge bubbles, and by the judicious use of a lighted torch at the surface of 
the water it is possible to ignite the escaping gas and cause a momentary 
flame to flash over the surface, since methane is highly combustible. 

Information on the quantities of methane produced in lakes is still very 
scanty. In a study of decomposition gases evolved, under laboratory 
conditions, by bottom deposits from Lake Mendota, Wisconsin, Allgeier 
et al, (1932) showed that methane was the chief fermentation product, 
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composing 65 to 85 per cent of the gas produced (Fig. 17). Conger (1943) 
measured the methane production during late summer in a small, shallow 
lake and found it to be approximately 90 cu. ft. per acre per day. With- 
out doubt the amounts produced in nature vary greatly in different 
waters and under various conditions, but it appears fairly certain that 
substantial quantities are not uncommon. 

Temperature^ TC 



and of a temperature of 7®C. {Modified from Allgeier, Peterson, Juday, and Dirge, 1932.) 


Hydrogen Sulfide. Hydrogen sulfide may appear in the bottom waters 
of lakes in late summer after anaerobic decomposition has been in action 
for some time. It has been discovered that an odor resembling that of 
sulfiiretted hydrogen is not a dependable indication of the presence of 
hydrogen sulfide, since the odor may be distinct but the chemical test 
for the gas may show negative results. When present, it is a product of 
anaerobic decomposition of organic matter containing sulfur. It is not 
uncommon in sewage-contaminated streams. Lakes and ponds are occa- 
sionally found in which the formation of hydrogen sulfide is so great that 
brass parts of limnological instruments will be heavily tarnished on a 
single submergence. 

Nitrogen, Nitrogen has a low solubility in water. It is such an inert 
gas that the quantities which occur in lake water are not changed by the 
chemical and biological processes so characteristic of natural waters. 
The atmosphere usually supplies the greater amounts of nitrogen found in 
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water, although the liberation of elemental nitrogen by the decomposition 
of lake-bottom deposits has been reported. The maximum amount 
occurs in winter, since it is more soluble in cold water. Nitrogen-satu- 
rated water is common in the epilimnion, and at the conclusion of over- 
turns the entire body of water may be saturated. While the upper water, 
in the summer, tends to remain at the saturation point, excesses of 
nitrogen are likely to occur in and below the thermocline. Such excesses 
are thought to arise in one or both of two ways: (1) The lower water, 
saturated with nitrogen at the spring overturn, gradually rises in temper- 
ature with the advance of summer, thus reducing the absorption capacity 
of the water and releasing some of the nitrogen. Then the hydrostatic 
pressure, lack of circulation, and very low rate of diffusion prevent escape 
of the gas, and supersaturation results. (2) Ground water, frequently 
hearing an excess of nitrogen, may produce supersaturation in lower 
waters of lakes. 

The autumn overturn provides the lake with a uniform supply of 
nitrogen from top to bottom. At that time, the water is not only satu- 
rated with nitrogen but also has its greatest capacity for dissolved gases. 
Little seems to be known concerning the dissolved-nitrogen story after 
the ice cover appears. Much of the lack of specific information concern- 
ing free nitrogen in natural waters is due to the fact that because of its 
inertness, free nitrogen determinations are not a common part of limno- 
logical investigations. 

Ammonia, Ammonia occurs in small amounts in unmodified natural 
waters. It is exceedingly soluble, 1 volume of water dissolving 1,300 vol- 
umes of ammonia at 0°C. In lakes, it is one of the results of the decom- 
position of organic matter at the bottom. This accounts, in part, for the 
fact that in summer free ammonia ordinarily increases with depth and 
that the bottom ooze may contain a quantity many times that of the 
layer of water next above it. 

In Lake Erie, only small amounts of free ammonia have been reported. 
In September, surface waters showed 0.038 p.p.m., while at the same time 
the bottom waters at about 17 m. depth contained only 0.008 p.p.m. 
Increase in amount in the upper waters with advance of the summer 
season was found; but the opposite result occurred in bottom waters. 
The quantities are much lower than those found in Wisconsin lakes. 

Sulfur Dioxide. Traces of sulfur dioxide may occur in natural waters. 

Hydrogen. Liberation of hydrogen in the anaerobic decomposition of 
lake-bottom deposits seems likely. It appears, however, that the 
amounts so formed are small. 

Carbon Monoxide. Carbon monoxide may occur in the bottom of the 
hypolimnion but ordinarily in such small amounts as to be of little 
significance, supposedly, from the biological standpoint. 
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DISSOLVED SOLIDS 

All waters in nature contain dissolved solids. Water is the universal 
solvent, dissolving more different materials than any other liquid. This 
remarkable quality coupled with the many ways by means of which 
natural waters may come into contact with a great array of soluble 
substances explains the complexity of a chemical analysis of such waters. 
Mere contact with its own basin, erosion at shore line, wind-blown 
materials, inflow of surface waters, inflow of seepage and other forms of 

subterranean waters, decay of aquatic organisms these and other 

sources provide a lake with quantities of solid materials either already 

Table 11. Total Dissolved Solids in a Selected Series of Lakes 

Data fro fn Clarke 

Total Dissolved 


Name Solids, p.p.m. 

Moosehcad Lake, Maine . . 16.0 

Bass Lake, Vilas Co., Wisconsin 18 3 

Tahoe Lake, California 711. 0 

Crater Lake, Oregon ... 80 4 

Green Lake, Wisconsin 174.5 

Utah Lake, Utah 1,165.0 

Devils Lake, North Dakota . . 11, 278 . 0 

Soap Lake, Grant Co., Washington 28,200.0 

Sevier Lake, Utah 86,400.0 

Largt; Soda Lake, Nesvada 113, 700 . 0 

Lake Superior 60.0 

Tiake Michigan 118.0 

Lake Huron.. 108.0 

Lake Eric... 133.0 


in solution or subsequently becoming so. It has been stated that water 
to the amount of about 0,500 cu. miles runs off tlie land in a year, carrying 
with it about 5 trillion tons of dissolved solids. Drainage systems are 
the transportation avenues for this vast (piantity of dissolved material 
and often deliver it into lakes. As might be expected, these dissolved 
solids vary markedly, both qualitatively and quantitatively, in different 
waters; they also vary in the same waters depending upon season, loca- 
tion, and other factors. It is impracticable to attempt here a catalogue 
of the different kinds of dissolved solids. Almost any complete chemical 
analysis of lake waters shows how complex the content is. With respect 
to quantity, rain water usually contains 30 to 40 p.p.m. of dissolved 
solids, which means that even the very recently fallen rain water which 
collects in temporary basins already has a certain dissolved content 
before it has a chance to acquire more from other sources. As a very 
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rough estimate, it might be said that lake waters in general vary in con- 
tent from about 15 to 300 p.p.m. and sometimes much more, as, for 
example, in the inland salt lakes. The brief table (Table 11) on page 106 
includes data, selected for illustrative purposes only, from a compilation 
by Clarke (1924). 

Dissolved Inorganic Solids 

It seems probable that most if not all of the various dissolved inorganic 
matters common to natural waters play some part, directly or indirectly, 
in the biology of aquatic organisms. However, certain ones are regarded 
at present as being more immediately significant and have received more 
attention from investigators. The more prominent ones will be discussed 
in the following paragraphs. 

Inorganic Nitrogen Compounds. Nitrates. Nitrates occur in varying 
amounts in different lakes; also, the supply in a given lake varies with the 
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Fitj. 18. Forms of nitrogen found in 1 c5u. m. of surface water of Lake Mendota, Wi " •" 

{Redrawn from DomogaUa^ Juday, and Peterson, 1925.) ^ 

season, as shown in Figs. 18 and 19. Owing to its relation to the nitrate 
bacteria and to the nitrate-consuming organisms (page 291), the nitrate 
content of natural waters is likely to be in a continually changing state. 
There is reason for believing that in certain waters, at least, the annual 
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variation is of a regular nature, in both fresh and marine situations. 
Variations in amounts with depth are to be expected, although a tempo- 
rary condition approaching uniformity may occur at certain times of 
year, and it may disappear completely in some waters for a certain period. 
According to studies made on Lake Monona, Wisconsin, the nitrate con- 
tent at 20 m. conspicuously exceeds that at the surface from March to 
June inclusive and in December; while from July to September inclusive, 
the reverse is true. Actual amounts of nitrate are usually small, irrespec- 
tive of situation, season, or depth, although it is said that considerable 
quantities occur in the deep water of the Atlantic Ocean and in the north- 


WTffOGENm 

ICUttOFYIATEk 



Fig. 19. Forms of nitrogen found in 1 cu. m. of bottom water in Lake Mendota, Wisconsin. 
{.Redrawn from Domogalla, Juday, and Peter aon^ 1926.) 

em part of the North Sea. Whether such amounts ever exist in fresh 
waters does not seem to be known. Since all of these matters are insepa- 
rably tied up with certain biological processes, further consideration will 
be deferred until later (page 199). 

Ammonium Salts. Natural waters contain some ammonium salts. 
Ammonium carbonate is probably the common form. For further 
consideration, see the section on bacteria (page 280). 

Silicon. Silicon does not occur in nature as a free element. Natural 
waters commonly contain silicon dioxide in some form of soluble silicate. 
Silica may also exist in certain waters, particularly in rivers, in colloidal 
form. The dissolved form, however, is of most direct interest here. 
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Analyses are commonly expressed in terms of the insoluble silicon dioxide. 
River waters are relatively rich in silica and often markedly affect the 
silica content of lakes into which they flow. Quantities may vary with 
(1) different lakes; (2) season of year; (3) presence or absence of stratifica- 
tion; (4) nature and periodicity of inflowing water; (5) diatom produc- 
tivity; (6) depth; and (7) other possible factors which need not be men- 
tioned here. A silicon stratification may be present at certain times of 
the year. 

Phosphorus. Much interest has been manifested of recent years in 
the phosphorus content of waters, both fresh and marine. Free phos- 
phorus does not occur in nature, but in the form of phosphates it is 
abundant. It has been estimated that roughly 0.12 per cent of the 
earth's crust is composed of combined phosphorus. Calcium phosphate 
is the common phosphate, composing the principal part of '^phosphate 
rock." Phosphates are widely distributed in certain soils, certain ores, 
and the bodies of animals and plants. 

Total phosphorus in lake water is usually regarded as divisible into two 
components: soluble phosphorus which is in the phosphate form and 
organic phosphorus which is contained in plankton organisms and other 
organic matter in the water. Juday and Birge (1931) found that in 479 
lakes in northeastern Wisconsin the mean quantity of soluble phosphorus 
in the surface water was 0.003 mg. per 1., with a range of zero in nine lakes 
to a maximum of 0.015 in one; the mean quantity of organic phosphorus 
in surface water was 0.020 mg. per L, with a range of 0.005 to 0.103. 
Seasonal and vertical differences in distribution of phosphorus within the 
same lake are common. It now appears that most lakes contain rela- 
tively small amounts of phosphorus and are subject to variation. 

Since phosphorus is now regarded as of great importance in the deter- 
mination of biological productivity in water, its source, cycle within the 
lake, and loss are of vital concern. The ultimate source is the phos- 
phorus-bearing rocks which are near enough to be available. Soluble 
phosphorus is delivered to a lake by inflowing water which has picked it 
up in connection with erosive processes. Organic phosphorus, originat- 
ing elsewhere, may also be brought in by tributaries. Artificial additions 
may occur in connection with pollution or soil fertilization. 

Once within a lake, the phosphorus enters into a complicated cycle 
involving various physical, chemical, and biological processes. These 
processes tend to keep the phosphorus in the lake water, either in soluble 
or organic form, by a continuous series of conversions from one form to 
the other. 

Losses of phosphorus occur through outflowing water which removes 
both soluble and organic forms. A certain quantity is likely to be lost to 
the bottom deposits, but it should be noted that while some of this loss 
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may be permanent a certain part of it is returnable to circulation, par- 
ticularly the organic phosphorus in the uppermost stratum of the bottom. 
Loss may also occur through artificial removal of fish, mollusks, water 
plants, or other organisms. 

Other Elements. Many other inorganic substances occur in water in 
amounts which range from substantial quantities down to mere traces. 
Certain elements, such as calcium, magnesium, manganese, iron, sodium, 
potassium, sulfur, copper, and others, constitute elements of chemical 
compounds dissolved in the water and, in one way or another, play very 
important parts in determining the nature of environments. Greater 
amounts are found in some lakes than others, and variations, both 
seasonal and irregular, may exist. As will appear later, certain ones have 
been regarded as indices of productivity. Tn addition to the elements 
named above, there is increasing evidence that many others have environ- 
mental functions the value of which is not yet understood. 

Dissolved Organic Matter 

The presence of organisms of a wide variety, both within a lake and 
about its margins, insures the more or less continual addition of organic, 
materials to the water, some of which, immediately or later, go into solu- 
tion. Thus, all waters in nature have a certain content of dissolved 
organic matter. Such substances may })e transient, undergoing further 
chemical changes, but the supply is maintained in a somewhat irregular 
fashion by certain continuous processes, such as production of wastes by 
living animals, death and disintegration of the various organisms, accre- 
tions of organic materials duo to wind action, inflowing waters bringing 
extractions from soil and marshes, and wave aclion at margins. Much 
remains to be learned concerning dissolved organic, materials, their role, 
and their cycle, in spite of the fact that a large literature on the subject 
exists. Conflicting statements have been made in the past as to the 
amounts of dissolved organic matter normally present in water. Analy- 
ses of (jontaminated waters often show a much larger content than normal 
waters. In the past, more attention has been given to marine waters, 
but an extensive series of studies of Wisconsin lakes by Birge and Juday 
has made available valuable information as 'to the dissolved organic 
matter in lakes of the type commonly found in northern United States. 
Among other things, they found (1) that the average amount, for the 
lakes studied, of dissolved organic matter is 12.8 mg. per 1. of water; (2) 
that the range is 2.9 to 39.0 mg.; (3) that for each lake the dissolved 
organic matter does not show great quantitative or qualitative variation 
either with depth or with season; hence, a single analysis reveals the 
character of the lake; (4) that the great changes of dissolved oxygen 
content in the hypolimnion have little effect on the total dissolved organic 
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matter; (5) that the quantity of dissolved organic matter is much greater 
in fresh-water lakes than in the sea; and (6) that the standing crop of 
dissolved organic matter is ordinarily several times, often many times, 
greater than the organic matter in the total plankton supported by the 
same water. 

The term dissolved organic mailer requires some explanation. Since 
lake waters contain plankton and other materials in suspension, water for 
analysis of the dissolved matter must first be put through a high-speed 
centrifuge or some very effective filter in order that these materials may 
be removed in so far as such removal is possible. If samples of such 
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Fig. 20. Forma of organic nitrogen in the surface water of Lake Mendota, Wisconsin. 
{Redrawn, from Domogalla, Jnday, and Peterson^ 1925.) 


(jentrifuged or filtered water be evaporated slowly, the dry residues may 
be expected to contain contributions from (1) a certain amount of unre- 
moved plankton and organic debris; (2) various colloids; and (3) true 
solutions. “Probably by far the greater portion of the ^solublc nitrogen' 
or the ‘dissolved carbon' is dissolved only as egg albumen or starch may 
be said to be dissolved in water" (Birge and Juday). 

Kinds of Dissolved Organic Substances. Little seems to be known 
concerning the specific nature of dissolved organic materials as they occur 
in natural waters, but without doubt they (1) are of many diverse sorts 
and (2) contain many compounds which are of great biologicaf signifi- 
cance. Recent studies have centered around the determination of 
organic nitrogen, organic carbon, and ether extracts (fats). 

Dissolved Organic Nitrogen. Table 12 and Figs. 20 and 21 present 
results obtained from certain Wisconsin lakes. 
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Table 12. Dissolved Oboanic Nitrooen in Lake Water, Milligrams per Liter 

From Birge and Juday 


Lake 

Depth, m. 

Maximum 

Minimum 

Mean 

Mendota 

0 

0.484 


0.398 

Mendota 

20 

0.569 


0.385 

11 others 

0 

0.744 

0.219 

0.617 


Among the same records, one from the surface waters of Lake Michigan 
in February showed only 0.143 mg. per L, a value much lower than the 
smallest of the other records. 

The existence of amino acids in lake waters has been demonstrated, 
and Table 13 indicates the kinds and quantities. 

In addition to the amino acids mentioned in Table 13, arginine has 
also been found in certain Wisconsin lakes. 



Bst Odd m 

Fia. 21. Forms of organic nitrogen in the bottom water of Lake Mendota, Wisconsin. 
{Redrawn from Domogalla, Jvday, and Pelereort, 1925.) 

Dissolved Organic Carbon, Results included in Table 14 represent 
quantities of organic carbon in certain Wisconsin lakes. 

This dissolved carbon is an integral part of certain chemical com- 
pounds. In the residues of certain Wisconsin lakes, obtained by evapo- 
rating large samples of water from which the plankton had been removed 
by centrifuging, the proteins were computed to contain about 53 per cent 
carbon, the fats about 75 per cent carbon, and the carbohydrates about 
54 per cent carbon. A determination of total carbon includes (1) plankton 
carbon, that carbon contained in the organisms (mostly plankton) and 
the particulate matters which are removed by a high-speed centrifuge; 
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and (2) dissolved carbon, that carbon contained in substances in true 
solution or in colloidal state or in such extremely minute organisms as may 
escape the centrifuge. The average nitrogen-carbon ratio in the plankton 
was found by Birge and Juday to be about 1 to 6, while in the dissolved 
matter it was about 1 to 14 or 15. 


Tabliq 13. Certain Amino Acids in Lake Waters, Milligrams per Citric Meter 
From Petersorif Fred, and Damogalla 


Amino acid 

Method 

Lake Mendota surface, 
June 18, 1924 

Lake Mendota bottom, 
June 25, 1924 

Devils Lake, Oct. 10, 
1923 

Green Lake, July 18. 
1923 

Lake Michigan, Feb. 
28, 1924 

Turtle Lake, Jan. 18, 
1^4 

Tryptophane 

Ftirth and Nobel 

10.1 

13.1 

12.2 

14.2 

5.5 

8.6 

Tryptoi)hane 

Folin and Looney 

11.0 

14.6 

12.9 

16.4 

7.8 

10.6 

Tryptophane 

May and Rose 

9.9 

12.2 


16.1 

6.1 


Tyrosine 

Folin and Looney 

10.4 

12.5 

17.6 

9.6 

8.3 

16.7 

Histidine 

Roessler and Hanke 

5.7 

10.2 

14.8 

19.2 

6.7 

22.7 

Cystine 

Folin and Looney 

1.6 

6.1 

3.3 

4.4 

2.1 

7.6 

Total organic nitrogen 


367 

117 

310 

143 

487 


Table 14. DissoiiVEu Organic Carbon, Milligrams per Liter 
From Birge and Juday 


Lake 

Minimum 

Maximum 

Mean 

Mendota 

4.00 

7.95 

5.80 

Other lakes 

3.02 

13.22 

6.66 



Fats {Ether Extract), Under the term ether extract arc included those 
substances usually designated as fats. In certain Wisconsin lakes, it has 
been found to differ in amount from about 0.2 to nearly 0.8 mg. per 1. of 
water. These dissolved fats are much greater in amount than those in 
the plankton from the same amount of lake water, although in spite of 
this fact they constitute a smaller proportion of the total dissolved matter 
than they do of the total organic matter in the plankton. 

Total Dissolved Organic Matter. As already mentioned, the dissolved 
organic matter is a mixture of many, often a great many, different sub- 
stances. But since the knowledge of this field is still so very incomplete, 
some of the computations of component parts of these materials are, at 
present, only approximations. In results reported by Birge and Juday, 
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the crude protein was computed as 6.25 times the organic nitrogen; the 
carbon in the protein was given a value of 53 per cent. Since organic 
carbon occurs in other dissolved materials, two general sources are 
involved: (1) from the nitrogenous substances and (2) from the non- 
nitrogenous substances. The latter were computed as carbohydrates 
which, in turn, were computed as starch or cellulose and contain an 
average of about 45 per cent carbon. Sugars occur in very slight 
amounts. The fats were regarded as having a carbon content of 75 per 
cent. 

HYDROGEN-ION CONCENTRATION 

It is now known that an important means of understanding the chem- 
ical conditions which prevail in natural waters is through the measure- 
ment of hydrogen-ion concentration. In 1887, the Swedish chemist 
Arrhenius advanced an hypothesis that the molecules of an electrolyte put 
into solution are largely broken up into their constituent radicals, each 
radical carrying an electrical charge, positive or negative. These 
charged portions or radicals are called ionSj and the hypothesis is known 
as the ionic hypothesis. The fundamental feature of this hypothesis is 
now accepted as established fact. Among the many subsequent develop- 
ments of the ionic hypothesis is one which has far-reaching effects, viz., 
the resolution of acidity into two features: (1) the concentration of the 
hydrogen ions and (2) the amount of acid necessary to furnish a given 
amount of ionized hydrogen. The conditions known as acidity, alkalin- 
ity, and neutrality were long ago recognized by chemists and others as 
having intimate relations to many biochemical phenomena. Years ago, 
the commonplace method of determining the reaction of a substance was 
by the use of litmus, a test now known to be hopelessly inadequate for 
precise work of many kinds. About thirty-five years ago, S0rensen pub- 
lished results of some important investigations on the effect of the hydro- 
gen ion upon enzyme activity in connection with which he developed very 
precise methods for measuring hydrogen-ion concentration, methods 
which led to a remarkable advance in biochemistry. During the past 
few decades, hydrogen-ion concentration has been studied in almost 
every field of scientific endeavor, with accompanying development of 
diverse and highly refined methods. Methods for measuring hydrogen- 
ion concentration have developed far beyond those for measuring con- 
centrations of other kinds of ions. As will appear later in this discussion, 
the hydrogen ion is a dissociation product of most of the substances 
having biochemical significance. 

In order to lay the foundation for an understanding of what is meant 
by hydrogen-ion concentration, it will be necessary to mention briefly, by 
way of review, certain well-established chemical facts: 
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1. Ionization is a form of dissociation of a compound in solution and 
constitutes a true chemical change. 

2. Compounds put into solution in water are inherently different from 
each other to the extent to which they ionize under the same conditions. 

3. Strong electrolytes dissociate more completely than do weak electro- 
lytes, under the same conditions. 

4. Ionization becomes more complete as the solution becomes more 
and more dilute. 

5. Since complete ionization seldom if ever happens, a compound dis- 
sociates into a certain number of positively and negatively charged ions, 
leaving a residue of the original compound undissociated. 

6. Pure water is itself both an extremely weak acid and an extremely 
weak base, dissociating into the two ions H+ and OH— to an exceed- 
ingly small extent (at ordinary temperatures, the fraction is less than 
0.000,000,002). It is therefore virtually a nonconductor of electric 
current. 

7. A hose is any substance furnishing, on ionization, the negatively 
charged hydroxyl ion OH — . For example, NaOH dissociates to form 
Na+ and OH — . Strong bases ionize more completely than do the weak 
bases under the same condilions. 

8. An ewid is any substance furnishing, on ionization, the positively 
charged hydrogen ion H+; i.e., an acid yields two kinds of ions, viz., 
hydrogen ions and some other kind of ion. For example, HCl dissociates 
to form H+ and Cl— ions. Strong acids ionize more completely than do 
weak acids under the same conditions. 

9. Salts are substances furnishing on ionization a positive ion other than 
hydrogen and a negative ion other than hydroxyl. With few exceptions, 
they ionize extensively. 

Acidity, Alkalinity, and Nkiituality 

''Fhe terms acidity, alkalinity, and neutrality are in common and almost 
everyday use, but often their exact meaning is not clearly understood. 
In fact, these terms involve a rather complicated chemical subject which 
cannot be discussed here. Distinctions given herein stress merely those 
features which seem necessary for present purposes and make no pretense 
of satisfying completely all chemical demands. 

Acidity. The condition usually known as acidity involves two com- 
ponents: (1) quantity, or total available acid; and (2) intensity, or con- 
centration of hydrogen ions. Thus, it appears that hydrogen-ion concen- 
tration is not equivalent to acidity, as is sometimes the loose use of the 
term, but is only one aspect of it, viz., acid intensity. An acid, containing 
as it does a positive ionizing hydrogen radical, ionizes in aqueous solution, 
thus increasing the number of free hydrogen ions. Increase of the num- 
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ber of these ions means increase in their concentration, and as the con- 
centration increases the greater becomes the acid intensity of the solution. 
Waters yield both hydrogen ions and hydroxyl ions. According to an 
important law, the product of the hydrogen-ion concjentration and the 
hydroxyl concentration is a constant. This means that the greater the 
hydrogen-ion concentration the less in the same degree the hydroxyl-ion 
concentration, and vice versa. In ordinary work, a water solution is 
called acid when the hydrogen-ion concentration exceeds to any degree 
the hydroxyl-ion concentration. 

Alkalinity. Likewise, in ordinary work, a water is described as alka- 
line when the hydroxyl-ion concentration exceeds, to any degree, the 
hydrogen-ion concentration. Because of the constant mathematical 
relation of the hydroxyl ions to the hydrogen ions in the same water, 
the alkaline intensities can also be expressed in terms of the hydrogen-ion 
concentration. 

Neutrality. In chemically pure water, obtained by repeated distilla- 
tions in insoluble containers, the hydrogen- and hydroxyl-ion concentra- 
tions are equal. This condition constitutes neutrality. 


Expression of Hydrogen-ion Concentration 

Two methods of expressing hydrogen-ion concentration are in common 
use. They are as follows : 

1. The number of moles of ionized hydrogen per liter. Since this 
method involves the use of the numbers themselves or the expression of 
these numbers in reduced form by means of an exponent (example, 
0.000,000,001, or I X 10“®), thereby becoming unwieldy or inconvenient, 
this method is in less use than the following one. 

2. The pH scale. This scale, originally employed by S0rensen, 
expresses hydrogen-ion concentration as the “logarithm of the reciprocal 
of the normality of free hydrogen ions.” It may also be expressed by the 
following formula. 


^ logio H-ion concentration in gram equivalents per liter 
Thus, pH = 8 means that the hydrogen-ion concentration would be 
10-*, or jl, or or 0.000,000,01 normal. 


Again, pH = 6 indicates a hydrogen-ion concentration of 10“*, or 


1 1 

10 »’ 1 , 000 , 000 ' 


or 0.000,001 normal. 


This scale, as commonly used, extends from pH = 0.0 to pH = 14.0, 
with three fixed points as follows: 
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pH 


acid 


alkaline 



neutrality 


The value pH = 0 represents the pH of a solution normal in hydrogen 
ions; pH = 14, a solution normal in hydroxyl ions; and pH == 7.0, the 
pH of a neutral solution. All values between pH = 0 and pH = 7 
represent acid reactions; between 7 and 14, the reaction is alkaline. It 
must be carefully noted that as the values approach pH = 0, the acidity 
increases; whereas the alkalinity increases as pH = 14 is approached. A 
habit has grown up in some circles of speaking of a ‘‘higher pH’' or a 
“lower pH" if the exponent is higher or lower in the numerical scale, 
but, as a matter of fact, such descriptive expressions are misleading, since 
the thing being measured is hydrogen-ion concentration, and increase in 
concentration is expressed by the diminishing numerical value of the 
exponent. It has also become a common practice to omit the equality 
sign after the expression pH. 

Although it is not necessary to attempt to go into the intricacies of this 
subject here, it should be noted that the adoption of pH 7 as the point of 
neutrality on the basis of its being the pH of pure water has certain 
inherent objections for the biochemist, since the hydrogen-ion concentra- 
tion of such water has no “general relation to the hydrogen-ion conc;entra- 
tion at the equivalence point sought in the ‘neutralization' of an aqueous 
solution of an acid by an aqueous solution of a base," because this exact 
point is dependent upon such features as the variation of temperature and 
the salt content of the solution. However, for most limnological pur- 
poses, the approximation of neutrality at pH 7 is sufficiently accurate. 

The meaning of the symbol pH should be explained. Sprensen, the 
originator of the symbol, proposed the representation of hydrogen-ion 
concentration by a negative power of 10 puissance negative de 10) 
(“10"^'"), using, however, the reciprocal form of the exponent (10^)'. 
Combined with the symbol for hydrogen, the original form was Ph- 
Therefore, the symbol is sometimes explained as the “power of hydrogen." 
Also, since it is linked with the potential of a hydrogen electrode in an 
apparatus in common use, the explanation is sometimes offered as 
“potential of hydrogen." Typographical convenience has been given as 
the explanation for changing the original form Ph to pH, the latter now 
being in general although not exclusive use. 

/ 

Measurement of Hydrogen-ion Concentration 

Methods of measuring hydrogen-ion concentration are, in general, 
of two kinds: (1) electrometric and (2) colorimetric. The electrometric 
methods depend essentially upon determining pH through the measure- 
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ment of electrical conductivity of the liquid to be tested. Colorimetric 
methods, on the other hand, depend upon the addition of the proper 
sensitive indicator solutions to the sample and then comparing the color 
so produced with graded, colored standards the pH values of which are 
known. The procedures and equipments for operating both of these 
methods are at present numerous and varied. Of these two general 
types, the electrometric has a higher precision. 

Substances Yielding Hydrogen Ions to Inland Waters 

Owing to the great variety of substances which occur in water or make 
contact with it, numerous compounds may be present which contribute 
ionized hydrogen. They vary greatly both qualitatively and quantita- 
tively and are of many sources. To enumerate them, even if all were 
adequately known, would not be possible here. WH^hout doubt, natural 
waters obtain the vast quantity of contained ionized hydrogen from their 
contacts with the various sorts of soils. In the following statement. 
Wherry (1920) lists the groups of substances occurring in various soils 
which yield hydrogen ions to the soil solution: 

Soil Constituents Yibliung Hydrogen Ions 

I. Directly (when treated with water alone). 

A. Inorganic: 

1. Strong, highly ionized acids, such as hydrochloric, sulfuric, and nitric. 

2. Weak, slightly ionized acids, especially carbonic. 

3. Acid salts, such as potassium acid sulfate, whi<‘h may be moderately or 
slightly ionized (as acids). 

4. Salts of weak bases with strong acids, such as aluminium chloride and 
ammonium sulfate, which are slightly hydrolyzed and therefore yield a 
small amount of hydrogen ions. 

B. Organic: 

1. Strong, highly ionized acids, such as oxalic. 

2. Weak, slightly ionized acids, such as acetic. 

3. Acid salts, such as potassium acid sulfate, wliich may be mod(*rately or 
slightly ionized (as acids). 

4. Salts of weak bases with strong acids, suc.li as aluminum c-itrate and 
ammonium oxalate, which are hydrolyzed as in A 4. 

6. Amino acids, such as aspartic (arainosuccinic) acid, whic^h may be moder- 
ately or slightly ionized. 

6. Humic acids, which, if they exist at all, are all slightly ionized. 

II. Indirectly (when treated with solutions of salts). 

A. Inorganic, especially colloidal clay. 

B, Organic, especially colloidal humus. 

This analysis will suggest how complex the problem of accounting for 
the sources of ionized hydrogen in natural waters is; and while it may be 
that seldom if ever are all of these sources involved in a single body of 
water, it must be remembered that the collection of waters by any form 
of drainage may have the effect of mixing waters of diverse origins and 
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diverse exposures to soil conditions. One tributary may drain a series of 
bogs; another may collect water of a very different history. In addition 
to the relations of inflowing water and to the contacts of the water with 
the soil, developments within the body of water itself may also help 
determine the concentration of hydrogen ions. 

Range op Hydrogen-ion Concentration in Natural Waters 

In various kinds of natural, unmodified waters, hydrogen-ion concen- 
tration differs from at least pH 3.2 to 10.5 inclusive. Water in the outlet 
of a thermal spring in Japan has been reported to have a pH of 2.2. The 
expectation in most ordinary lakes and streams is a range of about pH 
6.5 to 8.5. However, it may happen that the diversity of waters in a 
relatively small region may be such that the extremes of the total range 
mentioned above (pH 3.2 to 10.5) may be almost realized; for example, 
the various lakes, all natural and unmodified, located within a radius of 
10 miles of the University of Michigan Biological Station, Douglas Lake, 
Michigan (extreme northern end of Southern Peninsula), show a mid- 
summer range of pH 4.3 to 9.4 in the open waters of the different lakes; 
and if there be included the waters which occur in the Sphagnum mats and 
accjumulate in small marginal pools, the range is pH 3.3 to 9.4. The 
Great Lakes, the larger inland lakes, and perhaps the majority of the 
smaller inland lakes of North America are alkaline in reaction. Many 
bog lakes are acid in reaction, although numerous exceptions occur. 
Waters composed mainly of the seepages from coal-bearing strata are 
likely to be acid. 

Changes of Hyduogen-ion Concentration 

Annual Changes. Ordinarily, the surface waters of larger lakes 
undergo relatively small change in pH from season to season. Special 
circumstances surrounding smaller lakes may impose changes of greater 
magnitude. In the deeper waters, however, extensive changes are to 
be expected and have a definite relation to overturns, stagnation periods, 
duration of ice cover, nature of bottom materials, and other circum- 
stances. Some indication of these more definite, periodic changes is 
given in Fig. 22. Bottom waters may change from alkaline to acid 
reaction, and there are on record lakes which even in the surface waters 
swing back and forth, with sequence of seasons, from alkaline to acid 
conditions, and vice versa. 

Seasonal Changes. In the larger lakes, the hydrogen-ion concentra- 
tion of the epilimnion often remains surprisingly uniform during the 
spring, summer, and autumn During the period 1 918- J 930, the surface 
waters of Douglas Lake, Michigan, in summer showed a variation of only 
pH 7.8 to 8.6. Progressive changes occur, as already mentioned, in the 
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deep waters at times, such as the stagnation periods and the period of 
continuous ice cover. In the very small, shallow lakes, irregular changes 
in pH may be common. In some instances, increased rainfall makes 
striking changes in pH. 







Joa Feb. Maa Apr. May June July Aug. Sepf Oct. Nov. 

Fm;. 22. Diagram showing hydrogon-ion concentration in Lake Mendota during 1920 and 
1921. Numerals on the curves indicate dc^pths in meters. {Adapted hy Chapman, 1921, 
from Juday, Fred, and WUaon, 1924, McGraw-Hill Book Company, Inc.) 

General Changes. General changes m pTI of a progressive, appar- 
ently permanent kind arc absent in the large lakes or, if present, arc so 
extremely slight as to be indistinguishable in records now available. 
Perhaps this is also true of most smaller lakes. However, a lake is 
occasionally found which manifests such changes in a striking way. The 
following table (Table 1 5) gives the midsummer changes whic.h the author 
has witnessed in the surface waters of Vincent Lake, Michigan, a small 
bog lake. 

Table 15. (General Changes in pH jn Vincent Lake, Michigan 
Midsummer records only 


Year 

pH 

Year 

pH 

1923 

4.4 

1928 

6.3 

1924 

4.4 

19^9 

6 6 

1925 

4.4 

1930 

6.7 

1926 

7.1 

1931 

6.6 

1927 

0.4 

1932 

6.7 


Diurnal Changes. In the smaller lakes and in ponds, variations in pH 
on different days and at different times of the same day may be noticeable. 
This is especially true of those bays, coves, ponds, and other protected 
areas which maintain a considerable crop of aquatic plants. In such 
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situations, these diurnal changes in pH are largely the result of photo- 
synthetic and respiratory processes of the various organisms concerned. 
Diurnal changes in the large bodies of water, if they occur at all, are so 
slight as to be difficult of detection. In fact, it has been stated that no 
significant diurnal changes of pH occur in the open sea, and probably the 
same is true of the very large lakes. Like oxygen pulses, changes of pH 
in dense vegetation beds may be easily detected if the water is in a state 
of complete calm but are almost or quite indistinguishable if the water is 
in vigorous motion, since the moving water tends to dilute and distribute 
the products of photosynthesis and respiration. Changes of pH 7.7 to 
9.6 have been reported by Philip (1927) in protected waters containing 
(considerable Algae. Other changes of similar magnitude are known. 

Abrupt Transitions of Hydrogen-ion Concentration 

Occasionally, circumstances permit waters of strikingly dififerent pH to 
exist in close proximity to each other. Instances of this sort occur in 
certain bog lakes in which the water of the open lake is distinctly alkaline 
while the wrater in the Sphagnum mat which borders the alkaline water is 
distinctly acid, the two waters separated from each other by a gradient 
of not more than a few inches. This situation is due without doubt to 
the fact that the water in the Sphagnum mat is so very thoroughly 
pocketed by the vegetation that no circulaticm or movement is possible. 
At the junctions of streams of diverse waters or of streams and lakes 
whose waters differ widely, similar transitions, although less extensive, 
may be found. 

Buffer Effect 

8ince natural waters contain a variety of substances, and since these 
substances vary greatly, Vjoth qualitatively and quantitatively, such 
waters differ not only in the (haracter of the reaction (pH) but also in the 
buffer effect. In some waters, the range of chemical change which may 
occur without altering the reaction is large, while in others it may be small. 
If this range is large, the water is said to have high buffer effect; if it is 
small, the water has little buffer effect. Weak acids and weak bases have 
greater buffer action in preventing rapid changes in hydrogen-ion con- 
centration because of the fact that the initial ionization is low. When 
newly entering substances affect the hydrogen-ion concentration at any 
instant, the remaining undissociated molecules yield ions (become ion- 
ized) until a new equilibrium is established which has about Jhe same 
hydrogen-ion concentration as before. Therefore, a greater amount of 
the modifying substance is necessary to bring about distinct changes in 
the reaction of the solution. Waters containing large amounts of dis- 
solved matters are most likely to show high buffer effect, while low buffer 
effect is to be expected in waters very low in dissolved materials. As an 
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example of substances which influence buffer effect, the action of car- 
bonates may be mentioned. If, in water containing the monocarbonatcs 
and bicarbonates of calcium [CaCOs and Ca(HC03)2] and magnesium 
[MgCOa and Mg(HC03)2], carbon dioxide is withdrawn from solution, as 
for example by the action of chlorophyll-bearing plants, some of the 
bicarbonate dissociates at once into the mono(;arbonate and carbonic acid 
(H2CO3). Ifc arbon dioxide be added, as for example by decomposition 
of bottom deposits or by respiratory activity of animals and plants, some 
or all of it combines at once with the monocarbonate to form bicarbonate. 
In the absence of carbonates, additions or reductions of the free carbon 
dioxide would result in the increase or decrease respecstively of the 
carbonic acid and would of course alter the hydrogen-ion concentration 
accordingly; but in the presence of the carbonates, the addition or with- 
drawal of the carbon dioxide immediately results in the reestablishment of 
the original equilibrium, and the hydrogen-ion concentration tends to 
remain the same. It must be understood that this holds only within 
the inherent limits of the buffer substances. In the example just given, 
the calcium and magnesium carbonates are buffer suhdauces. 

The effect of inflowing a(‘ids or bases on the pH of a lake will depend 
upon its buffer action. Soft- water lakes have low buffer action, and the 
sudden changes in hydrogen-ion concentration which sometimes occur 
in them following heavy rains, freshets, and the like are often due to this 
fact. Hard-water lakes, on the other hand, have high buffer action, and 
a similar inflow would either have a very much smaller effect or possibly 
have no appreciable effect at all unless the entry of substances were great. 

Reserve pH 

Reserve pH, indicated by the symbol RpH, is measured by a second 
pH determination made after the sample is thoroughly aerated. Aera- 
tion of a sample may or may not result in the RpH being of different 
value from the initial pH ; if the total pH is due to substances in the water 
not releasable by aeration, the RpH will be of the same value; if due in 
part to substances released by aeration, such as free CO2, the RpH will 
have a higher numerical value than the original pH reading. At the 
present time, the value of this new and somew'hat undeveloped measure- 
ment seems to rest on the possible ground that the RpH is an index of 
alkali reserve or some other significant feature of water. 

ELECTROLYTES 

Acids, bases, and salts in solution in water are conductors of electricity 
and are therefore known as electrolytes. Since acids, bases, and salts 
differ in their solubility in water, they differ in their conductivity of 
electricity, those with slight solubility being weak electrolytes and mani- 
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resting low conductivity, while those with high solubility are strong 
electrolytes and show high conductivity. A measure of the total electro- 
lytes in natural waters can therefore be secured by measuring the electrical 
conductivity of a sample of that water. It has been claimed that, other 
things being equal, the richer a body of water in electrolytes the greater 
its biological productivity. 

The quantity of electrolytes held in solution in natural, uncontami- 
nated waters differs widely, as shown by conductivity measurements. 
Michigan lakes are known to have a conductance range of about 10 to 
330 reciprocal megohms; doubtless these values do not include the actual 
range, since but relatively few lakes have been tested. Juday and Birge 
(1933) determined the conductivity of more than 500 lakes in north- 
eastern Wisconsin and found the range to be 9 to 1 24 reciprocal megohms. 

Conductivity may show diurnal variations, one of the principal causes 
apparently being the change in electrolyte content due to the assimilation 
processes of green plants. Annual variations may occur in some lakes; 
they may be lacking in others. 

Vertical distribution of electrolytes differs in different lakes. The 
various chemical and biological processes may have a conspicuous effect 
upon the vertical distribution of the electrolytes in some lakes, while in 
others they seem to result in a uniform vertical distribution throughout 
the whole summer season. Frequently, lakes show a uniform conductiv- 
ity value from the surface to the lowermost stratum of water, but in this 
lowermost stratum the value may be several units higher. 

SEASONAL CYCLE OF DISSOLVED GASES AND ESSENTIAL SUBSTANCES 

A sufficient amount of chemical background has now been laid so 
that the complex seasonal cycle can be presented The profound signifi- 
cance of thermal stratification was mentioned previously (page 49). 
Upon it will now be built another section of the stratification story. It 
will be assumed at this point that the details of thermal stratification have 
been mastered and are clearly in mind. "I'lie same order of seasonal 
events presented in the discussion of thermal stratification will serve as 
the outline of the chemical history, and the situation described first will 
be that of a typical temperate lake of the second order. 

Tempeuatk Lake of the Second Order 

Spring Overturn. Dissolved Oxygen. Complete circulation of the 
water of a lake at the spring overturn, coming as it does at a tune when 
the water is very cold and thereby having its greatest capacity for dis- 
solved oxygen, insures not only equal distribution of dissolved oxygen 
from surface to bottom but also the taking on by the water of its maxi- 
mum load of oxygen. Only at one other time during the year, viz., the 
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fall overturn, does the lake hold such a supply of dissolved oxygen. 
Birge has expressed this fact in a striking way by comparing a lake 
to the respiration of an organism and describing the overturns as the 
times when the lake ‘Hakes a deep breath.'^ So effective are this stirring 
and circulation of the water that not only is it usually oxygenated up to or 
very near saturation for that temperature, but also it is distributed uni- 
formly from top to bottom. At that time, a depth-distribution curve for 
dissolved oxygen is a straight line. Only in the event of an incomplete 
overturn would the dissolved oxygen history depart from that just 
described. 

Other Dissolved Gases, Decomposition gases, such as free carbon 
dioxide, methane, hydrogen sulfide, and others, which may have accu- 
mulated in the bottom waters during the winter, are redistributed by the 
overturn and ultimately discharged at the surface, so that at the end of 
the overturn period, all of these gases are virtually absent. The lake has 
become completely ventilated. Nitrogen is more uniformly distributed. 

Hydrogen-don Concentration, Since the overturn brings about a uni- 
form mixing of the water, the hydrogen-ion concentration becomes the 
same at all levels. 

Suspended Materials, During the overturn, suspended materials, 
living or dead and including the plankton, are uniformly distributed to all 
depths. They may be much increased (piantitatively owing to the fact 
that the movement of the water brings again into suspension and circula- 
tion some of the finely divided materials which had previously settled 
to the bottom. F'or this reason, the overturn in some lakes is the period 
of greatest turbidity. Care must be taken, however, not to attribute all 
of this increased turbidity to overturn action, since this period tends to 
coincide with the season of spring rains which wash quantities of sus- 
pended matters into lakes. Still other circumstances may contribute to 
the increased turbidity at this season (page 90). 

Dissolved Substances, Dissolved substances likewise become uni- 
formly distributed during the overturn. Substances resulting from bot- 
tom decompositions during the winter and accumulations of any sort in 
deeper waters are brought into circulation throughout the lake. This 
may have the effect, among other things, of enriching the upper waters 
by bringing into them some essential materials from deeper levels. 

Summer Stagnation Period (Fig. 23). Dissolved Oxygen, With the 
gradual establishment of thermal stratification following the spring over- 
turn, there comes a series of events which will be described under the 
headings of the three principal regions of the lake, viz., epilimnion, 
thermocline, and hypolimnion. 

Since the water of the epilimnion continues to circulate throughout the 
summer, the only significant event in the dissolved oxygen history is the 
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reduced capacity of the water for this gas, due to the rise in temperature. 
The influence of temperature on the capacity of water for oxygen is 
discussed on page 98. By the time that the upper lake waters have 
warmed to midsummer temperatures, they have given back to the air 
roughly one-half of the dissolved oxygen which they held at the close of 
the overturn. Epilimnion waters may not always be completely satu- 
rated with oxygen, but they tend to approximate it. Supersaturation, 
due to unusual circumstances such as luxuriant growths of aquatic plants 
in times of calm, may occur locally and temporarily but is not common. 

DOUGLAS LAKE, MICHIGAN 

FAIRY ISLAND DEPRESSION 1021 



Fio. 23. Chart showing c;ertaiii midsummer physitJoehemical conditions in on© of the 
submerged depressions within the main basin of Douglas Lake, Michigan. All data have 
been plotted quantitatively. The black, vertical columns represent quantities and dis- 
tribution of dissolved oxygen; the quantities may be compared by use of the following data: 
dissolved oxygen content at the surface for July 6 =» 2.68 cc. per liter; for Aug. 2 = 4.88 cc. 
per liter; for Aug. 10 = 0.77 cc. jx^r liter. 

The epilimnion is amply and continuously supplied with oxygen through- 
out the summer. Oxygen added by circulation more than offsets all 
oxygen-consuming processes. As air temperatures fall in late summer 
and early autumn, the water of the epilimnion slowly cools, thus increas- 
ing its (capacity for dissolved gases, so that oxygen determinations made 
in autumn, before the onset of the fall overturn, show an increasingly 
larger dissolved oxygen content. Therefore, some of the loss due to 
rising water temperatures in spring is regained in the autumn. Also, the 
gradual fall in the level of the thermocline, especially that of its upper 
margin, enlarges the oxygenated region in the late summer and in 
autumn. Largely because of its continuously rich dissolved oxygen 
supply, the epilimnion constitutes the major part of the productive volume 
of a lake during the summer stagnation period. 

Profound changes occur in the hypolimnion. Circulation of the kind 
operating in the epilimnion is now eliminated by the establishment of the 
thermocline. Bottom deposits and suspended matters contain organic 
substances which undergo decomposition even under the conditions of 
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very low temperature. This decomposition begins to consume the dis- 
solved oxygen in the surrounding water, reducing it until it eventually 
disappears. As the early summer progresses, this oxygenless zone 
involves an increasingly larger volume of water, ultimately reaching the 
lower limit of the thermocline and thus converting the entire hypolimnion 
into a region devoid of dissolved oxygen. The time necessary to accom- 
plish this result varies in different lakes and depends upon (1) the volume 
of the hypolimnion; (2) the temperature of the hypolimnion water; (3) the 
kind, quantity, and distribution of organic bottom deposit; (4) the decay 
of dead organic matter (particulate mutter of all kinds) sinking through 
from the upper waters; (6) respiration of the animals and plants inhabit- 
ing the deeper waters until driven out by the oxygen reduction; (6) the 
bubbling through to the surfa(;c of decomposition gases accumulating at 
the bottom; and (7) the bacterial population. Under special circum- 
stances, the entry below the thermocline of oxygen-free, subterranean 
waters may accelerate l^he oxygen decline. In many temperate lakes of 
the second order, this oxygen exhaustion is completed even by early 
summer and from that time t.o the onset of the fall overturn the hypo- 
limnion is virtually removed from the productive volume of the lake, 
becoming, for the time, a biologi(^al desert. Only anaerobic organisms 
can survive there. Since the extent of oxygenless water is limited by the 
lower margin of the thermocline, the usual decline in thermocline level, as 
the summer progresses, converts an upper portion of the hypolimnion into 
thermo(iline, sometimes even into epilimnion, so that there may be a cer- 
tain reclamation of some of the oxygenless region. 

As pointed out in another section (page 94), oxygen diffuses in water 
at a very slow rate ; in iact, too slow to be effective. Therefore, the nature 
of the disappearan(?e of dissolved o.xygen in the hypolimnion requires 
notice. In typical instances, the oxygen disappears from the whole 
hypolimnion very mindi sooner than c.an be explained on the basis of 
oxygen consumption prof^esses of bottom deposits and the subsequent 
diffusion and (consumption of oxygen in the upper waters of the hypo- 
limnion. Not infrequently, vertical samples, taken in the middle of a 
basin before compleUc oxygen exhaustion, show the oxygen content of 
the whole hypolimnion about equally redinced throughout its entire 
depth. To explain the behavior of oxygen disappearance from the 
hypolimnion, Alsterberg (1927) proposed his microstratijication theory, 
the essential features of which arc as follows: bottcun deposits, through 
their decomposition processes, consume oxygen, exhausting it completely 
not only within themselves but also in a thin layer of water lying imme- 
diately above the bottom, thus producing a “ microstratification. 
Mathematical (jomputations show the impossibility of this microstratifica- 
tion later developing into the macrostratificaiion or major stratification 
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of the lake, if diffusion only is operating. Furthermore, even if the diffu- 
sion rate were very much greater, the expected result would be a gradual 
decline of dissolved oxygen content from the top of the hypolimnion to 
the bottom, which ordinarily is not the case. Actual examinations of 
Scandinavian lakes showed (1) that in lakes unusually protected against 
the influence of wind, oxygen stratification below the thermocline fol- 
lowed closely the bottom configuration, while thermal stratification was 
entirely horizontal, indicating that the original oxygen consumption 
occurred in the bottom deposits; (2) in exposed lakes with effective wind 
action, oxygen stratification was of a horizontal nature. Alsterberg 
explains the condition in exposed lakes as due to the wind which not 
only circulates the water of the epilimnion but also causes secondary 
and tertiary horizontal currents below the ihcrmocline (Fig. 10) which 
distribute horizontally the effects of oxygen consumption in bottom 
deposits, thus producing a more or less uniform oxygen content from one 
side of the depression to the other. A few other investigators claim to 
have confirmed, to a certain extent, Alsterberg^s theory. Since ice cover 
in winter eliminates circulation due to wind action, the distribution of 
the oxygen consumption effects of bottom deposits must rest on other 
causes. It has been suggested that the conversion of microstratification 
under the ice sheet may possibly be prodiK^ed by convection due to the 
rising temperature of the bottom water by transfer of heat from bottom 
mud (page 71). It seems likely that the bubbling through of decomposi- 
tion gases accumulating in the bottom (page 90), which must occur in 
winter as well as in summer, plays some part not only in reducing the 
oxygen in the water through which the bubbles pass but also in distribut- 
ing the oxygen consumption effects of the bottom. 

Increasing indications that movements in the hypolimnion are more 
extensive than has formerly been thought give some additional support 
to the Alsterberg theory. 

Alsterberg's theory, while interesting and having certain supporting 
evidence, is not without its weaknesses. However, there has appeared 
another explanation of the diminution of dissolved oxygen content in 
lowermost waters which seems to meet some of the difficulties in the 
microstratification theory, namedy, direct (jonsumption of oxygen by 
bacterial activity. As will be discussed in a later chapter (page 284), 
evidence indicates the existencje of a very much greater bacterial pop- 
ulation in uncontaminated waters than has hitherto been supposed. 
Kusnetzow and Karzinkin (1931) present data and computations which 
indicate that in Lake Glubokoje, U.S.S.R., the bacteria in one liter of 
lake water will consume about 2.4 mg. of dissolved oxygen in 10 days, 
leading them to favor the theory that the oxygen reduction of lower 
waters is due to the continuous oxygen consumption of bacteria within the 
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water itself, and not to bacterial action in bottom mud as supposed by 
Alsterberg. They also point out a weakness of the Alsterberg theory, 
namely, the difficulty of applying it to a lake with an irregular bottom 
relief. It is evident that the quantity of dissolved oxygen consumed by 
bacterial action in the water itself depends upon (1) size of the bacterial 
population present; (2) amount of particulate, decomposable matter; and 
(3) quantities of soluble organics matter and different mineral salts which 
are necessary for the existence of bacteria. 

It is probable that both of these theories have some part in explaining 
the disappearance of dissolved oxygen in the hypolimnion. Bacterial 
action goes on both in the bottom and in the water. It is possible that 
prevailing circumstances in one lake may make bottom decomposition 
more influential, while in another lake the suspended bacterial population 
may play a greater part. 

The thermocline is, in many respects, the transition zone between 
epilimnion and hypolimnion. Usually, its upper portions are well sup- 
plied with oxygen. When first formed in the spring, the thermocline 
contains a full load of oxygen but the oxygenless region of the lower waters 
increases until it reacihes the bottom of the thermocline and some loss 
appears within the thermocline itself. The form of oxygen decline within 
the thermocline is a very variable feature. Without doubt, the con- 
tinually generous supply of oxygen in the topmost levels of the thermo- 
cline results from proximity to, and from circulation effects of, the 
superimposed epilimnion. There is reason for believing that oxygen 
depletion in the midthermocline region is the result of two factors: (1) 
decomposition of dead organic matter, mostly plankton, which on 
settling from the less dense epilimnion waters become checked in their 
descent in the denser and more viscous thermocline water and remain 
there through the early stages of decay, making inroads upon the dis- 
solved oxygen; and (2) plankton, senile or healthy, which sink into this 
region and live for some time, consuming oxygen by respiratory processes. 
Concentrations so formed may produce considerable oxygen reduction. 
Sometimes the oxygen content within the thermocline becomes less, in 
the summer and autumn, than in the uppermost part of the hypolimnion. 

Other Dissolved Gases. The epilimnion is nearly or (piite saturated 
wth nitrogen and, in the lower waters, an excess may occur. 

Owing to the ease with which free carbon dioxide escapes from water, 
particularly when the water is agitated, the epilimnion may contain a 
minimal amount of this gas. In midsummer, often earlier, free carbon 
dioxide increases progressively with depth in the hypolimnion, due to its 
production in the decomposition of bottom deposits and of suspended 
matters. In some lakes, the bottommost waters show, in summer and 
early autumn, an acid reaction due mostly to accumulated carbonic 
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acid, H2C08. As mentioned elsewhere, quantities of carbon dioxide 
bubble through to the surface and escape into the air. This not only 
helps limit bottom accumulations of this gas but also doubtless helps 
distribute it through the hypolimnion and thermocline. 

Other decomposition gases, such as methane and hydrogen sulfide, 
accumulate in bottom waters as summer progresses, excess quantities 
of which may bubble through to the surface as described above for carbon 
dioxide. 

Hydrogen-ion Concentration. Hydrogen-ion concentration tends to 
remain constant in the epilimnion; usually shows a distinct, progressive 
increase with increasing depth in or near the thermocline; and in the 
hypolimnion, becomes still greater although the gradient between its 
top and bottom is usually slight. The lowermost waters tend to approach 
neutrality, often attain it, and, in some lakes, become acid in reaction. 
The condition just described prevails after suflScient time following the 
spring overturn has permitted decomposition activities within the hypo- 
limnion not only to deplete the dissolved oxygen but also to build up an 
accumulation of acid-forming substances. The condition of the lower 
waters may become more or less stabilized at about midsummer so that 
the pH at a given depth remains approximately uniform for the remainder 
of the summer stagnation period. This approximate stabilization may 
occur at different pH values in the same lake for different summers. 

Suspended Materials. During the summer stagnation period, sus- 
pended materials throughout the epilimnion consist of plankton organ- 
isms and miscellaneous debris, organic and inorganic. Ordinarily, it is 
more or less uniformly distributed, although, as will be shown later, the 
first meter of water at the surface usually contains less plankton than the 
waters immediately below, since in the latter the light effect is more 
favorable. Likewise, the horizontal and seasonal distribution of plankton 
is not uniform. 

Concentrations of suspended matters in the thermocline have already 
been mentioned (page 89). These concentrations, formed largely from 
materials settling through from above, vary greatly depending upon the 
circumstances which determine the supply from the epilimnion. How- 
ever, the thermocline may contain certain organisms which normally 
occupy that level. 

Suspended matters in the hypolimnion during summer stagnation 
are largely those which settle through from above and the ^turbidity 
of this region is ordinarily rather uniform, although it, like the thermo- 
cline, would be varied by any conditions which change the suspended 
matters in the epilimnion. Water immediately above the bottom, 
especially a mucky bottom, is likely to have a considerable amount of 
very finely divided material in suspension. In some lakes, it is not 
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possible to secure a clear sample of water within the last two meters 
of depth, and others may show an even greater thickness of distinctly 
cloudy water at bottom. 'I'hcse more or less permanently suspended 
materials are commonly mixtures of (1) finely divided substances, settled 
through from above, which are supported in the colder, denser water near 
the bottom, and (2) materials from the bottom deposits which, due to 
changes subs(?quent to their original settling, have come into suspension 
again. Intermingled with them are the settling suspended matters 
which are continually sinking through to the bottom. 

Dissolved Substances. Dissolved substances are usually more or less 
uniformly distributed throughout the epilimnion, and in fa(^t, throughout 
the whole lake, although in some lakes and under certain circumstances 
greater quantities may occur in the thermocline and in the hypolimnion, 
especially at and near the bottom of the latter. Conc^entrations near 
the bottom have no chance of a general circulation until the fall overturn. 

Fall Overturn. Events of the fall overturn practically duplicate 
those of the spring overturn, with the exception that temperature changes 
are in the reverse direction. The whole lake circulates; a maximum 
and uniformly distributed load of dissolved oxygen is taken on; decom- 
position gases at the bottom are distributed and eliminated at the surface; 
the hydrogen-ion concentration becomes uniform from top to bottom, 
and bottom waters have a reaction near that of the siimmcr epilimnion; 
plankton and other materials in suspension are completely mixed from 
surface to bottom; some bottom materials are brought up into flotation 
again and the wdiole lake becomes more turbid ; and any localized accumu- 
lations of dissolved substances are spread uniformly throughout the 
lake. 

Winter Stagnation Period. With the advent of permanent ice cover, 
the whole lake accpiires a set of conditions which resembles, to a certain 
extent, the hypolimnion of the summer stagnation period. The ice cover 
isolates the water from the atmosphere, completely eliminates surface 
movement and (drculation, and reduces the illumination of the whole 
lake. Succeeding events parallel closely those of the hypolimnion follow- 
ing the spring overturn. Bottom deposits continue their decomposition 
with the (consumption of disscjlved oxygen ancl the ultimate production 
of decomposition gases. Other oxygen-reducing processes remain active. 
As winter progresses, the oxygenless zone increases in volume; the deeper 
waters change in reaction; and dissolved substances accumulate. Sus- 
pended matters gradually sink through, but no longer contain components 
resulting from wind-blown materials or materials brought into suspension 
from the littoral bottom regions. Hydrogen-ion concentration increases 
to a certain level after which a form of stabilization occurs resembling that 
of the summer stagnation period except that the concentration level may 
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be higher (more acid) than the summer one. Enough light gets through 
the ice to make possible the continuance of a limited photosynthesis of 
phytoplankton and some higher plants, so that the plankton world con- 
tinues to be active. In fact, under conditions of transparent ice and little 
or no snow, the aquatic Algae may, on clear days, perform photosynthesis 
to the extent of raising the oxygen content of the water just under the 
ice well above saturation. The increasing magnitude of the oxygenless 
zone limits more and more the volume of produ(!tive water since those 
organisms requiring free oxygen must keep in the upper oxygenated 
strata. Fortunately, in lakes of the second order, the oxygenless zone 
very seldom completely engxilfs the productive zone, even in winters of 
umisually prolonged ice cover. When it does happen, the mortality of 
flora and fauna is very great. Decomposition gases probably bubble 
through from the bottom in much the same way as they do during the 
summer, although in smaller quantities due to the reduced temperature in 
the shallower portions of the bottom. 

Temperate Lakes of the First Order 

As defined on page 03, a temperate lake of the first order is one whose 
morphological features are such that while two circulation periods (over- 
turns) are possible, one in spring and one in autumn, the depth is usually 
so great that thcjrc are no complete overturns. In such a lake, absence 
of complete overturns usually means the presence in the summer of (1) 
an upper circulating zone having the essential features of an epilimnion; 

(2) a thermocline of the usual sort (except in lakes of great area) ; and 

(3) a hypolimnion which is permanently stagnated in its deeper portions. 
This means the continual presence, in the lowermost waters at least, of 
chemical conditions similai* to those described for the summer and winter 
stagnation periods of a lake of the second order, except that the stagnation 
is often more intensified and more severe. Overturns are of the incom- 
plete type, merely extending the circulation zone to a greater depth but 
not reaching the bottom. In those lakes which barely qualify as belong- 
ing to thc^r,9^ order, complete overturns may occur now and then depend- 
ing upon the various conditions which alter the depth to whi<;h circulation 
(lan occur. At those times when complete overturns do occur, the history 
of dissolved gases and essential substances closely parallels that of lakes 
of the second order. 

With respect to lakes of great depths and great magnitude, su(;h as the 
deepest of the (iroat liakes, necessary information is still too incomplete 
to make possible a satisfactory discussion. One or more localized, dis- 
continuous thermoclines may forjn during the summer, but the chemical 
events in the lowermost waters are almost unknown. It has been pointed 
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out that in the Atlantic Ocean dissolved oxygen occurs in considerable 
amounts at great depths and even to the bottom, although the per- 
centage of saturation of surface water is greater than that of bottom 
waters due to the deficient circulation of the latter and to oxygen con- 
suming agencies within them. Oxygen from the atmosphere is dis- 
tributed to such depths, in part by the much lower levels to which the 
effects of surface circulation extend, and in part by vertical currents which 
sometimes play a very important role. In certain relatively deep arms of 
oceans, protected by narrow, shallow entrances from the main body of 
water (example: certain Norwegian fiords), bottom water becomes stag- 
nant with consumption of the dissolved oxygen and accumulation of 
hydrogen sulphide. 

Temperate Lakes oe the Third Order 

In lakes of the third order which circulate completely and continuously 
during the open seasons, the (‘onditions which prevail are essentially those 
of a typical epilimnion in a lake of the second order. Ice cover converts 
it temporarily into a condition which, in a general way, resembles that of 
the ice-covered lakes of the second order. Therefore, two periods, an 
open period and an ice cover period, constitute the main annual events. 
During the open period, the continuous (*ir(*ulalion provides (1) ample 
aeration at all depths; (2) disposal of decomposition gases forming in the 
bottom deposits so that no lasting stagnation effects can arise; and (3) 
general distribution of substances passing into solution from chemical 
changes in the bottom deposits and from the decay of plankton and other 
suspended organic materials. 

During the ice cover period, stagnation conditions become established 
and, owing to the shallow depth, may involve the greater part of the whole 
volume of water before tht* ice disappears in the spring. In the smaller, 
shallower lakes of this type, an occasional, unusually prolonged ice cover 
leads to a rather complete st agnation in which the oxygenless zone reaches 
the ice and decomposition products accumulate, the combined effect of 
which becomes serious and leads to a great mortality among the trapped 
organisms. 

SUBMERGED DEPRESSION INDIVIDUALITY 

Lakes occasionally have isolated depressions in the main basin, sepa- 
rated completely from eacdi other except for the upper stratum of water 
which is, of course, common to all of them. The number of such depres- 
sions varies from the minimum of two to a considerable number. Doug- 
las Lake, Michigan, where the author has made a special study of depres- 
sion individuality, has seven distinct submerged depressions, several of 
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which are essentially of the same form, position, and depth. It has been 
found that in summer such a series of similar, comparable depressions 
within the same lake basin may show a remarkable individuality of 
chemical, physical, and biological behavior, in spite of the fact that their 
close similarity might naturally lead to the assumption that they would 
all present very much the same limnological conditions. In Douglas 
Lake (Fig. 11), each submerged depression acts independently of the 
others with respect to: (1) date of thermal and chemical stratification; 
(2) position, form, and thickness of the thermocline on a given date; (3) 
seasonal history of stratification, when established; (4) presence or 
absence of stratification; (6) permanence of stratification when estab* 
lished; (6) bottom deposits; (7) rate of oxygen consumption; (8) bottom 
temperature; and (9) rate of change of bottom temperature. These 
facts were established on the basis of studies made on this lake over a 
period of about 16 years. It was also found that this physical-chemical 
individuality is accompanied by a biological individuality, the latter 
manifesting itself in such features as: (1) differences in the vertical 
distribution of the plankton; and (2) qualitative and quantitative 
differences in the profundal bottom organisms. The frequency of occur- 
rence of this depression individuality in multidepression lake basins is 
still uncertain since few studies (Welch, 1927, 1945; Scott, 1931; Yoshi- 
mura, 1931, 1936, 1938; Welch and Eggleton, 1932, 1935; Scott, Hile, and 
Spieth, 1938; Cooper and Fuller, 1945) have as yet been made, but it 
may be more common than now realized. The underlying causes of this 
phenomenon are not always clear, especially in those instances in which 
depressions exist side by side under what appear to be identical condi- 
tions. In lakes whose depressions differ in such fundamental respects as 
depth, protection or exposure to wind action, size, form, relation to shore 
line, and relation to bottom contours and to shallow-water bottom 
deposits, explanations seem more obvious. Entry of underground water 
might have an important influence. Apparently, no investigation of the 
behavior of multiple depressions within the same lake basin has ever been 
made during the winter period although such work would be significant 
since the ice cover eliminates surface disturbance and some measure of 
the role which wind plays in this depression individuality might be 
secured. Since different depressions may show striking individuality 
during the same season, it behooves the limnologist not only to know the 
form of the basin of the lake which he is studying but also, in the presence 
of multiple depressions, to make his vertical examinations in at least 
several of them (preferably all of them) if correct indices of the lake are 
to be secured. Examinations in but one depression might be very mis- 
leading. Furthermore, since this individuality is not constant from 
season to season, one must not depend upon the results of a single season 
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for any significant conclusion as to the nature of the limnological proc- 
esses in that body of water. 

CHEMICAL STRATIFICATION 

As already indicated in the preceding sections, the essential uniformity 
of distribution of (jhemical substances which prevails during the spring 
and autumn overtums of a temperate lake of the second order is usually 
succeeded by a differentiated condition during the summer and winter 
stagnation periods, especially during the former, in which certain hori- 
zontal strata become quite different chemically from adjacent ones and 
often with abrupt transitions from one to the other. It is a common 
practice to refer to this condition as chemical stratification. The term is a 
useful one, but as employed at present it lacks the definiteness of scope 
and usage of the term thermal stratification. Chemical stratification 
is an expression which is sometimes used to describe a condition in 
which there is but one chemical substance known to be stratified, and 
sometimes used to describe a stratification of several substances. Fur- 
thermore, no rules or agreements yet exist as to the determining criteria of 
the presence or absence of chemical stratification. Definite, generally 
accepted distiiuitions are badly needed and must be established if investi- 
gators are to know clearly what is meant whenever the term is used. 

Chemical stratification is not confined to temperate lakes of the second 
order. It exists in most if not all temperate lakes of the first order and 
may be present in those of the third order, at least at times. It also 
occurs in many polar and tropical lakes, depending upon circumstances 
and upon how chemical stratification is defined. 

In temperate lakes of the second order, the close correspondence of the 
chemi(jal stratifi(;ation with the thermal stratification is often so very 
striking during most of the summer stagnation period that the impression 
is sometimes gained by inexperienced observers that chemical stratifica- 
tion is always the result of thermal stratification. While the two 
phenomena occur together so commonly and have some important 
interrelations, they may, under some conditions, exist independently of 
each other, as for example, occasional instances appear in which well 
defined thermal stratification exists but chemical stratification of the 
usual sort is absent, while, conversely, chemical stratification may be 
found existing in a lake in which there is no thermal stratification. 

It must not be assumed that if some of the dissolved gases show a 
distinct stratification all of the chemical features of the water are like- 
wise stratified since such a conclusion may be far from the truth; as for 
example, the dissolved oxygen, free carbon dioxide, and certain other 
factors may show stratification, but the methyl orange alkalinity and the 
quantity of dissolved organic matter may lack any form of stratification. 
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CHEMICAL COMPOSITION OF BOTTOM DEPOSITS 

As already pointed out (page 25), bottom deposits originate from 
numerous sources. As a consequence, chemical analyses of such deposits 
in different lakes show a striking diversity. The following results are 
taken from the work by Black (1929) on 15 Wisconsin and three Alaskan 
lakes. Of the Wisconsin lakes, three were hard water lakes, three were 
soft water lakes, and the remainder, including the Alaskan lakes, were of 
the medium or intermediate class. Results are expressed in percentages 
of the dry weight, as follows: Si02, 9.35 to 09.42; Fe 203 , 1.33 to 9.47; 
AUOa, 0.80 to 9.56; CaO, 0.60 to 24.70; MgO, 0.11 to 3.01; P 2 O 6 , 0.18 to 
1.44; SO4, 0.11 to 3.92; CO 2 , 0.00 to 16.33; organic carbon, 4.41 to 38.95. 

The nature of the organic matter in bottom deposits is still imperfectly 
known. Allgeier, Peterson, Juday, and Birge (1932) present evidence 
which seems to indicate that, for Lake Mendota, Wisconsin, at least, the 
bottom deposit is an organic complex composed largely of protein and 
lignin. 

Lakes with large and diversified basins may exhibit striking differ- 
ences in the chemical composition of bottom deposits in the different 
parts of the same basin. In bottom samples from different localities in 
Lake Balaton, Hungary, it has been reported that the silica varied from 
1 .5 to 54 per cent; the calcium, from 12 to 52 per (!ent; and the magnesium, 
from 0.7 to 4.6 per (;ent. Bottom deposits in the six major submerged 
depressions in the basin of Douglas I^ake, Michigan, differ considerably 
in their general composition. There is urgent need for active research 
in this little-known field. 

DECOMPOSITION OF BOTTOM DEPOSITS 

Very little precise information is as yet available concerning the char- 
acter of the decomposition of bottom deposits. Black (1929) reported the 
following results of experiments (Table 16) undertaken to determine 


Table 16. Nature of Decomposition of DBBp-BOTrroM Mud 
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decomposition rate and the chemical composition of gases given off during 
the decomposition of bottom mud taken from Lake Mendota, Wisconsin, 
at a depth of 24 m., on Oct. 21, 1927. 

Allgeier, Peterson, Juday, and Birge (1932) studied the decomposition 
of bottom deposits of Lake Mendota, Wisconsin (Fig. 17), as it takes place 
under laboratory conditions and reported, among other things, the 
following data: 

1. The production of gas increased greatly with increase of tempera- 
ture of incubation. 

2. Methane comprised 65 to 85 per cent of the gas; carbon dioxide 
formed 3 to 30 per cent; hydrogen was present to the extent of 1 to 3 per 
cent; and nitrogen formed a considerable part of the gas evolved at the 
lower temperatures. Relative proportions of the various gases produced 
differed with different temperatures. 

3. The rate of decomposition of bottom deposit determined for the 
temperatures of 7 or 15°C. indicated that it would require a century or 
more to accomplish the complete destruction of a given quantity of the 
deposit. There was reason for believing it probable that as the decom- 
position continiies the residues become increasingly more resistant to the 
action of microorganisms. 

4. The original samples of lake deposit contained about 100,000 bac- 
teria per cubic centimeter. This number rose rapidly with increase of 
temperature, the number for 7°C. being about 400, (K)0, but very much 
greater for higher temperatures. 



PART III 

BIOLOGICAL RELATIONS 


In Part II, the principal physical and chemical conditions operative 
in natural waters have been described. These and other possible condi- 
tions, in their various combinations and intensities, make up the funda- 
mental environmental structure upon which the occurrence, the distribu- 
tion, and the success of aquatic organisms depend. Each of these 
(jonditions functions in one or more ways in exerting influence upon organ- 
isms, and, in addition, the organisms exert influences upon each other; 
therefore, a third set, viz., the biological relations, are involved. Condi- 
tions within an environment are, to a great extent, mutually dependent, 
and, in nature, factors are always operating in the presence of others; 
(•consequently, it must be understood that any consideration of the influ- 
on(;e of a single condition or factor on the organisms is merely a necessary 
method of approach. In the following section, some of the more impor- 
t,ant limnologicfal influences of these physical and chemical conditions will 
be discussed, followed by a treatment of the outstanding biological 
relations and adjustments which constitute an intimate part of limnology. 




CHAPTER VI 

INFLUENCE OF PHYSICAL CONDITIONS 

FORM OF BASIN 

Shore Line 

Under strictly comparable conditions, the greater the length of the 
shore line the greater the biological productivity. Increased irregularity 
of shore line results in (1) greater contact of water with land; (2) increased 
areas of protected bays and coves; (3) increased areas of shallow water for 
growths of rooted vegetation; (4) greater diversification of bottom and 
margin conditions; (5) reduction of the amount of exposed, wave-swept 
shoal; and (6) increased opportunity for extensive, close superposition 
of the photosynthetic zone upon the decomposition zone. These and other 
possible results combine in various ways to increase the production of 
animals and plants. 

Relation of Photosynthetic and Decomposition Zones 

The form of basin of a lake determines, among other things, the 
relative amounts of shallower waters. Within limits and under strictly 
comparable conditions, the greater the areas of shallow water the greater 
the biological productivity. Excluding the diminutive lakes whose great- 
est dimension is too small to permit severe wave action, those shores which 
face the prevailing winds will usually present what is commonly called 
barren, wave-swept shoals. Their exposed nature usually results in (1) 
the absence of rooted plants; (2) the absence of organic bottom deposits; 
and (3) the absence of any permanent animal population save those whose 
burrowing habits make occupancy of position in such a habitat possible. 
Nevertheless, a fairly substantial but largely concealed population may be 
present, although of all the shallow-water faunas it is usually the smallest 
one. 

In the protected, shallow waters, however, conditions are more favor- 
able for greater productivity. Protected shoals permit (1) growth of 
rooted plants; (2) accumulation of organic bottom materials; and (3) the 
presence of much larger and more diversified faunas. Among the various 
features contributing to this productivity is the close superposition of the 
photosynthetic zone over the decomposition zone. On these protected shoals, 
particularly if the bottom slope is slight, accumulating organic matter 
settles to the bottom forming muck deposits which remain largely 
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where formed. Therefore, the products of these decomposition beds 
(carbon dioxide; nitrites; nitrates, and others), which are necessary to 
plants, are immediately available for plant growth. The plant zone, 
together with its associated animal inhabitants, contributes to the bottom 
deposits additional decaying organic matter which, remaining directly 
below the photosynthetic zone, becomes again, through further decom- 
position, available for the plants above. Thus a cycle of mutual exchange 
of essential materials takes place between the two zones with the result 
that a permanent condition of greater fertility is maintained. Also 
l)ecauRe of the very gentle slope and the restricted water movements of a 
protected situation, losses of the essential bottom materials due to 
removal into deeper water are much less than elsewhere. Therefore, it 
(^an be stated that in comparable situations, the closer and more perma- 
nent the association of the photosynthetic zone with the decomposition 
zone the greater the biological productivity. 

In contrast to conditions described above, the steeper the slope of the 
basin, or the greater the exposure of shoals, or both, the greater the 
removal of the decomposition zone to the profundal depths of deeper 
lakes with the result that much, and in extreme cases practically all, of 
the essential decomposition materials becomes inaccessible. They settle 
into the hypolimnion where their products remain locked up except at 
the overturns when temporarily they participate in the general circula- 
tion. In lakes of the first order, they may virtually pass into complete 
unavailability. A deeper lake with steep basin slope thus tends to 
automatically and cjontinuously rob itself of its stores of organic matter. 
Lakes of the third order, because of shallow^ depth and continuous circula- 
tion except during the ice cover period, retain all organic accumulations 
in available position, the essential decomposition products either remain- 
ing immediately beneath the plant beds or else being constantly dis- 
tributed by the water. 

Slope and the Deeper Decomposition Zone 

Form of basin also involves the slope of deeper portions of the basin. 
Upon the nature of this slope depends, tiO a large extent, the character of 
the bottom. The influence of gravity, aided by water movements, in 
pulling to the lowermost bottom the various materials which settle 
through, is much more effective on a declivitous slope. Some basin slopes 
are so abrupt that very little of the loose, settling materials can remain 
on the steep sides. Thus the decomposition zones of such a lake are 
restricted to (1) those of the shallow, protected shoals (if any are present), 
and (2) those at the bottoms of the deepest regions, separated by steep 
sides which maintain little or no decomposing deposits. On the other 
hand, the basin slopes may be gentle enough, even in the deeper regions, 
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to fall well within the angle of permanence, the loose, finely divided, 
settling materials remaining mostly where they first fall and thus resulting 
in the maintenance of a more or less continuous deposit of organic matter 
all over the sides as well as within the deepest parts. Portions of such a 
continuous deposit may be both above and below the thermocline. The 
important matter is that the very gentle slope makes possible the exist- 
ence of a continuous carpet of decomposing deposit which not only 
presents a much greater area to the superimposed water but also provides 
greater opportunities for the maintenance, periodic or continuous, of 
bottom-dwelling organisms. Greater exposure to the water means more 
complete exchanges of substances between water and bottom and a more 
extensive circulation of the dissolved substances throughout the lake. 

Alsterberg (1927) claims to have found in these facts one of the chief 
reasons for the difference between eiUrophic lakes (rich in nutritive mat- 
ters) and oligotrophic lakes (poor in nutritive matters). He held that 
relatively great depth and steep sides are characteristic of most oligo- 
trophic lakes. In such basins not only can little bottom deposit remain 
on the sides but also the (sontact area of a water stratum of given depth 
with the basin is much smaller on the steep bottom slope than on the 
more gentle slopes of eutrophic lakes. Unfortunately for this proposal, 
not all oligotrophic lakes have basins with very steep sides. 

Productive Volume 

Form of basin determines the extent of productive volume. By produc- 
tive volume is meant that portion of water in which virtually all biological 
production occui’s. In a lake of the third order ^ total volume is productive 
at least during the open season. In lakes of the second order, productive 
volume is almost exclusively (ionfined to the epilimnion and the thermo- 
cline during most of the summer stagnation period. During the over- 
turns, the entire lake temporarily becomes productive volume but the 
duration of these periods may be too short to be of any great consequence. 
J^akes of the first order resemble those of the second order in that they 
maintain the productive zone in the upper stratum, usually limited by 
the presence of a thermocline. In those lakes having no complete over- 
turn, the productive zone, during open season, merely varies in volume 
with those conditions which determine the depth to which circulation 
may extend. During prolonged ice cover, lakes of the second and third 
orders undergo gradual reduction of productive volume due to encroach- 
ment of the underlying stagnation zone, while lakes of the first order, 
under these conditions, may undergo less change in productive volume 
due to their size and to the presence of the permanent, deeper stagnation 
region. Complete ice cover may not occur in lakes of unusual size and 
depth, even though located in colder regions. 



142 


LIMNOLOGY 


Without overlooking the fact that both depth and area of a lake basin 
combine in innumerable ways to produce a great heterogeneity of lake 
forms in each of the three orders mentioned above, it seems possible to 
state that, since inland lakes seldom exceed certain area limits, depth is 
fundamentally of prime importance in determining productive volume. 
Certain European limnologists hold that average depth is the factor which 
determines whether a lake is eutrophic or oligotrophic, computing average 
depth as the quotient of volume of the lake over area of the lake (V/A). 
They claim that, in oligotrophic lakes, the volume of the hypolimnioii 
is greater than the volume of the epilimnion, and that in eutrophic lakes 
the reverse occurs. Since this conception is inextricably tied up with 
dissolved oxygen content and with organic su})stances in the water, 
further discussion will be deferred (page 342). It will suffice here to 
state that while without question depth is a matter of fundamental 
importance, it alone is not sufficient to explain the phenomena of oligo- 
trophy and eutrophy in general. 

PRESSURE 

No satisfactory statement can be made (concerning the influence of 
pressure on fresh-water animals. In spit(» of thc^ fact that pressures in 
deeper lakes may seem large, they actually are small compared with 
pressunes in the oceans, and possibly for tliai reason alone it may b(j that 
some of the phenomena reported for deep sea animals (absence of cavities 
which contain gas; complete penetration of the bodies with water; and 
others) do not appear in the profundal, fresh- water forms. That organ- 
isms of a diverse sort live at the bottoms of many of the inland lakes is 
well known; also it is known that failure to occupy the profundal regions, 
periodically or permanently, is due to causes other than pressure. Some 
animals are known to occupy regions in Lake Michigan at a depth of 24(i 
m. (Eggletcm, 193(), 1937), and there are records of hydra dredged from 
depths of 269 m. in Lake Superior. There is evidence that, in lakes 
having overturns, bottom-dwelling animals in shallow water are often 
swept down into the profundal regions. At least some of them withstand 
the abrupt shift into the much greater pressTircs and live, grow, and 
reproduce there for protracted periods. There is also evidence that some 
of the free-swimming animals, such as certain fishes, are occasionally 
temporary invaders of deep water. Permanent o(;cui)ancy of the greater 
depths is made possible by an adjustment of pressures within the animal 
to equalize the external ones. Rea(!tions of aquatic animals to increasing 
or decreasing pressures are little known, due to the difficulty of operating 
gradients for pressure which do not at the same time involve the action of 
gravity. It seems likely that, within limits, pressure is not a very 
significant factor in inland waters. 
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COMPRESSIBILITY, DENSITY, AND VISCOSITY 

While compressibility, density, and viscosity are distinct properties of 
water, their relations to biological processes are so intimately bound 
together that they may well be discussed in the same section although 
their inherent distinctions must be kept cleaily in mind. 

The important relation of incompressibility of water to aquatic organ- 
isms is their occupancy of water by complete displacement. Space 
occupied by organisms is provided only by pushing the water aside with- 
out altering the density of the water adjacent to the invading organisms. 
Such space is, then, secured only by raising the water level. 

A body submerged in water is buoyed up by a force equal to the weight 
of the water displaced (law of Archimedes) and the weight of the displaced 
water is directly due to its density. The effect of this buoyancy on an 
aquatic organism depends upon its own specific gravity; some organisms 
are heavier than water and tend to sink; others have the same weight as 
the surrounding water and remain in suspension; still others are lighter 
than water and rise to the surface. Since, as has already been shown 
(page 34), density of water varies principally with temperature, sub- 
stances in solution, and substances in suspension, and since the specific 
gravity of the organisms themselves may vary with such features as life- 
history changes and development and storage of cell products, this 
Inioyancy relation is not a fixed one. 

The unusually low viscosity of water accounts for its ease of flow and 
deformation, in spite of its great density and its incompressibility. It is 
for this reason that motile aquatic organisms can readily move about in 
it. Rate of sinking of plankton organisms and similar objects is inti- 
mately conne(ited with ihc visc.osity of water. Since, like density, 
\^iscosity varies with temperature, its opposition to the tendency of a 
particle to sink varies, the greater the viscosity the greater the opposition. 

Flotation Phenomena 

Nonmotile Organisms. In calm water, nonmotile plankton organisms 
depend entirely upon the relation between their own specifi(j gravity, the 
density of the water, and the viscosity of the water in maintaining their 
vertical position; they are passive victims of the interaction between 
these three circumstances. Nonmotile, attached animals, particularly 
the colonial forms such as the larger colonies of fresh-water sponges and 
certain fresh-water Bryozoa (Fectinatella), may develop forms ancl masses 
of body, which could not bo maintained in the absence of the buoyant 
effect of water, and even the soft-bodied hydra would be helpless without 
it. It is probably safe to state that all sessile animals depend, to some 
extent at least, upon the buoyancy of the water. Many higher aquatic 
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plants likewise are dependent upon the supporting effect of the water in 
order to maintain their proper form and orientation. 

Motile Organisms. Those plankters (organisms composing the plank- 
ton) which possess powers of locomotion vary greatly in the efficiency of 
their progression, but some change of position in space is possible due to 
their own activity. While such locomotion may be almost negligible 
when compared with the shifting and transporting effects of the water, it 
may nevertheless be vital to the organism in many ways, such as in the 
capture of food, and in the change of water in contact with respiratory 
surfaces. Locomotion in water, by animals large or small and by what- 
ever means, possesses a certain advantage when compared with locomo- 
tion on land or in air, owing to the fact that, due to the buoyant effect 
of water, much less energy is consumed in merely maintaining position 
above the bottom and a proportionately larger amount of the total 
potential energy is available for propulsion activity. In fact, those 
organisms whose specific gravity is essentially the same as the surrounding 
water expend practically no energy in merely keeping up in the water. 
Certain aquatic; animals, because of the possession of air stores or other 
special means, are distinctly lighter than water and must use a certain 
amount of energy to keep below the surface when they need to do so, 
but it is an open question whether this energy requirement ever exceeds 
the advantage due to the buoyancy effect. Many air-breathing, aquatic 
insects have air stores so located that not only are they lighter than water 
but the posterior end is lighter than the anterior, enabling the insect to 
float at the surface in the proper respiratory position. Without doubt, 
the admirable ease with which many aquatic organisms swim is, to a 
considerable extent, due to the fact that the body is partly or wholly 
adjusted to float in water. 

Reduction of Specific Gravity. Protoplasm alone has a specific gravity 
which closely approaches that of water, but the various cell products 
which occur in animals and plants may combine to produce bodies which 
are either heavier or lighter than water. Products which tend to make 
the body heavier (such as chitinous exoskeletons of arthropods, bones, 
shells of various kinds) and those which tend to make it lighter are often 
present in the same body so that the specific gravity of the whole depends 
upon which of the contrasting materials predominate. The most effec- 
tive and the most common of those cell products which reduce specific 
gravity seem to be the following: 

1. Gases originate from various sources (metabolic products, external 
and internal air stores, and others) and remain, at least for a time, 
enclosed within or attached to the body. These gas accumulations may 
be of sufficient magnitude to make an otherwise heavy-bodied animal (as, 
for example, certain aquatic insects) much lighter than water. 
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2. Fats and oils are commonly produced and stored within aquatic 
organisms, notably in the plankton Crustacea and in the plankton Algae. 
Their well-known quality of being lighter than water causes them to act 
as floats. 

3. Gelatinous and mucilaginous secretions of varying amounts are com- 
mon as matrices and external envelopes. While doubtless serving other 
functions, they often aid materially in flotation. 

Relations of Surface to Volume. In Different Species, Since in rela- 
tively compact bodies of organisms, the relations between volume and 
surface tend to conform roughly to the well-known mathematical princi- 
ple that the surface varies as the square of the dimension while the volume 
varies as the cube of the dimension, it follows that, in a general way, the 
smaller the body the greater the relative expanse of surface. If the body 
has a specific gravity greater than water, it will sink, although resistance 
to sinking will be offered by the viscosity of the water. The greater the 
surface compared to the volume the greater will be the friction between 
water and body. Because of this relation, particles of very small 
size, even though composed of a substance having a specific gravity 
greater than 1, may not sink at all; likewise, organisms which would sink 
promptly if of approximately spherical shape may float if so shaped that a 
relatively larger surface is exposed to the water; or, if they do not actually 
float, they may sink very slowly. 

Few aquatic organisms, irrespective of size, are spherical in form. Any 
departure from the spherical form results in relatively increased body 
surface. Relative increase of surface is aijcomplished in so many different 
ways that only a general classification is attempted here. 

1. General body form. Main portion of body may present: 

а. Various degrees of attenuation. 

б. Various degrees of compression or depression or general flattening. 
c. Miscellaneous forms of asymmetry. 

2. Body surface sculpturing: ridges, furrows, striae, impressed or raised patterns. 

3. Extensions and modifications of antennae, tentacles, gills, legs, cerci, and others. 

4. Development of special peripheral processes: hairs, setae, spines, bristles, filaments, 
radial axes, tubercles, cilia, pseudopodia, crest.s. 

5. Formation of colonies: linear, dendritic, radial, lamellate, irregular. 

Combinations of several of these structural features in the same organism may 

occur, sometimes with remarkable flotation results. 

In the Same Species. In certain plankton organisms, a striking seasonal 
change of body form of a very definite sort occurs. The interpretation 
of this phenomenon has for a long time been the center of a vigorous 
controversy. According to one explanation, this change of body form is a 
response to changes in the viscosity of the water due to seasonal changes 
in temperatures. However, this subject will be discussed with consider- 
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able fullness under another heading (page 261) and is mentioned here 
merely for the sake of completeness. 

Accessory Provisions for Flotation. Cases and coverings of various 
kinds composed, in part at least, of foreign materials arc constructed by 
some aquatic organisms. While such (jases often serve several other 
purposes, certain ones are so constructed that they either increase the 
tendency of the whole organism to be in suspension or completely support 
it at the surface. Instances of this sort are not uncommon among the 
aquatic insects (certain caddis-fly larvae, certain acpiatic caterpillars, and 
others). 

Hydrofuge Structures. Hydrofuge structures, such as hydrofuge 
pubescences, hydrofuge caudal filaments, and hydrofuge smooth surfaces, 
often play an important and sometimes a vital part in the flotation of 
organisms. Once at the surface they may provide (1) for the proper 
orientation of the body into the breathing position and (2) for the ability 
to remain at the surface in this position without effort during the breath- 
ing period. Examples arc not uncommon among aquatics insects. 

Certain hydrofuge structures are related directly or indirectly to respira- 
tion in some air-breathing aquatic insects. Caseous plastrons, held on 
body surfaces by hydrofuge mechanisms in certain acpiatic ('oleoptera 
(Dryopidae) and certain Hemiptera {Naucoridae)^ have been studied by 
modern experimental means (Harpstcr, 1941, 1944; Thorf)c, 1950; Thorpe 
and Crisp, 1947) and found to be efl5(;ient devices in securing dissolved 
oxygen from water. 

Still other functions may be performed by hydrofuge features, and 
several such functions may act simultaneously. 

Precision in Flotation Adjustment. Among the plankton, flotation at 
the proper level is sometimes a matter of precise adjustment. A very 
small discrepancy in adjustment may result in (1) too great buoyancy, 
causing the organism to rise to an unfavorable level or even to rise to the 
surface, either of which contingencies might be fraught with peril, owing to 
various hazards such as excess light, ontangloment with the surface film, 
and evaporation; or (2) sinking to an unfavorable depth at which such 
features as reduction of effective light, critical reduction or absence of 
oxygen, and absence of proper nutritive materials may result seriously. 
Such nicety of adjustment is thus of vital importance to certain non- 
motilc planktcrs. That this adjustment follows Ihc seasonal changes of 
viscosity and density of water in such a way that organisms may con- 
tinue to thrive is one of the marvels of aquatic life. 

Among the motile plankters, some spe(des, lacking this precise flotation 
adjustment and yet requiring maintenance of position at a level out of 
which they would xsink, remain at proper levels only by the performance of 
certain movements. In some instancies, the organism must work con- 
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staritly to maintain its position. Water fleas swim intermittently but 
unceasingly, and certain microorganisms occupy proper levels by con- 
stant vibrations of flagella or cilia. 

Body-form Adjustments 

Streamline Form. When a body is either in motion through quiet 
water or stationary in moving water, it must overcome a resistance which 
the water imposes; otherwise, it will either fail to make progress or fail 
to maintain its stationary position. It must be remembered that such a 
body must oc(mpy space by complete displacement of the water and that 
when cither the body or the water moves, the body continues the process 
of displacement. Also, under these conditions, not only must the great 
weight (density) of the water be overcome in pushing it aside, but the 
internal fri(;tion (viscosity) of the water plus the friction of the water 
against the surfaces of the object must also be overcome. Thus, energy 
is expended by the object in overcoming those resistances, and, as will be 
shown later, the amount of this energy depends upon the form of the 
body when other conditions are the same. 

''riie resistance met by the hull of a ship in motion is due to (1) dis- 
placcjment rcsistanc^e, (2) frictional resistance of the hull against the 
liquid, and (3) air resistance. Since but few aquatic organisms swim or 
maintain their position at or on the surface with the body partly sub- 
merged (acpiatic mammals, })irds, gyrinid beetles, and others), air resist- 
an(^e can be omitted fjom this discussion, and only conditions of complete 
and continuous submergcMu^o will bo considore^d. 

While, as shown in an earlier section (pages 34-36), viscosity and 
density of water vary with certain conditions, particularly temperature, 
the resistaiK^e met by a moving organism or by an organism maintaining 
its position in moving water is (ionsidc^rablc under all circumstances. 
Organisms vary gr(*atly in their ability to overcome this resistance, owing 
to inluTent dilTcrences, a very important, cme being the form of the body. 
Obviously, certain forms of body arc m<jrc elTective for locomotion in 
water than others. That form giving least resistance is the central theme 
of this discussion. 

When water is displaced by a firm, moving object, the result may be 
interpreted according to the streamline theory. Water in motion past 
a firm, immovable object can l)e regarded as made up of streams of 
particles any one of which is called a streamline. These “streams,’’ as 
they meet and pass a displacing object, may become sinuous, rotational, 
or eddying, depending upon the conditions established by the form of the 
object. 

Historical Statistical Studies on Form of Body. Who first 
regarded the form of a fish as having any significance with reference to 
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the water in which it lives may never be known. It is not unlikely that 
the fact that fishes are effective swimmers may have been explained as 
just another instance of the ‘‘marvels of nature^' or the “wondrous 
foresight of the Creator.’^ It was not until recent times that serious 
attempts were made (Thurston, 1887; Parsons, 1884; et al.) to apply 
information secured by mathematical analyses of the form of various 
kinds of fishes and Cetacea to boat construction. Among other things, 
it was found that the body consists of two principal parts: (1) the entrance 
or Jorehody, that part from the tip of the snout to the maximum transverse 
section; and (2) the run, or afterbody, that portion from the maximum 
transverse section to the tip of the caudal fin. It was also found that, in 
all specimens examined, the average position of greatest transverse 
section occurred at a distance of about 36 per cent of the total length 
from the snout, the variation being within 2 per cent. Likewise, a 
coefficient of fineness was calculated for each spec.ies from the ratio of 
displacement of the fish i.. 

displacement of a circumscribing cylinder’ ^ ® average eing . i, w ic 

was said to correspond closely to the coefficient of fineness of the then 
existing vessels of high speed. Some of the early workers also recognized 
the possibility that the replacement of water following maximum dis- 
placement had something to do with the function of the afterbody. 

Resistance Measurements of Different Forms of Body. As 
early as 1775, experiments with models of various shapes submerged in 
water were performed, but little of importance resulted. Much later, 
Houssay (1908 and later), experimenting with a plastic model (pliable 
rubber bag filled with a mixture of oil, vaseline, and white lead) to which a 
known velocity in water was imparted by a line, pulley, and falling-weight 
system, claims to have found, among other things, that such a model 
becomes molded into a form, at certain velocities, similar in some respects 
to that of a fish. Other investigators, experimenting with a similar bag, 
claim the discovery that such a model cannot move rapidly through water 
unless it has a rigid forebody which is either spherical or conical in shape. 

Houssay also made resistance tests with rigid models of various shapes 
and at various velocities, these models being constructed of wood, 
rendered impermeable, ballasted to float at xiesired depths, and having 
similar exposed surfaces. The essential results seem to have been (1) 
that cone-shaped models with base in advance were subject to less resist- 
ance than were the same models when the apex was in advance ; (2) that 
similar results came from models of other shapes but having a shorter, 
blunter forebody and a longer, more pointed afterbody; and (3) that the 
addition of stabilizing appendages (artificial fins) demonstrated the 
superiority of the “fish form^’ (streamline form) to that of cone-shaped 
models with blunt end in advance. 
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Modern Studies. Clemens (1917) suspended models of various 
shapes in a stream of known velocity and measured the pull (resistance) 
of the water on the models by means of a delicate spring balance to which 
the models were attached by a fine wire. The models were all made from 
184 g. of grafting wax so that each had the same mass. The results of 
particular interest in this discussion are exemplified in Table 17. 

These results and others indicate clearly that the closer the approach 
of body shape to the streamline form the greater the reduction of resist- 
ance to progress in water and that a body with a rounded, blunter, shorter 
forebody and a sharper, longer afterbody has less resistance than a body 
of the reverse shape, although contrary to popular impression. The 
principle of the streamline body is now extensively used in the construc- 
tion of submarines, torpedoes, boats of various kinds, air craft, and 
automobile bodies. 

Table 17. Resistance of Models op Different Shape in Running Water 
Current rate, 1.65 ft. per sec.; mass of all models, 184 g. of grafting wax 
Data from Clemens 


Form of model 

Position of model 

Pull, g. 

(resistance) 

Cone’ 

Base against current 

28 

Cone 

Apex against current 

50 

Sun fish 

Head against current 

15 

Trout 

Hoad against current 

6 

Trout 

Tail against <;urrent 

10 

May-fly nymph* 

Il<^ad against current 

9 

May-fly nymph* 

Caudal end against current 

16 


1 Cone without nharp edffes on bano. 

* Jaonychia (» Chirotonetea). 

Principle of Streamline Form. The efficiency of the streamline form 
may be explained by means of the following diagrams (Fig. 24). If it is 
remembered that a body with streamline form moving through standing 
water and the same body maintaining a fixed position in running water 
present the same essential conditions, it is evident that the position of 
maximum transverse section represents the maximum displacement of 
water. It likewise determines not only the maximum energy expended in 
displacement but also the termination of virtually all energy expenditure 
so far as body surface is concerned, since the particles of water, having 
passed that position, now begin to close in again. If the afterbody of a 
streamline form were removed (Fig. 24), then the most posterior position 
of the body would be the level of maximum displacement; beyond it, the 
water would fall precipitously to occupy the original space, forming 
eddies at the rear. Such a body would have expended the full amount of 
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energy required to displace the water, with no recovery of any part of it. 
On the other hand, if the body has a sloping afterbody of the proper shape, 
the closing in of water, acting as it does on a sloping surface, produces a 
force which acts in the direction of the forebody and therefore brings 





Fiq. 24. Diagrams showing relation of the form of a body, moving in water, to the dis- 
placement and return of the water. The upper diagram roinesents tlie behavior of water 
displaced by a solid object having the form of the forehody only of a typical streamline 
form (same as the typical streamline body represented in the lower figure but with the after- 
body removed). Note the vortices produced at the rear, or the so-called dead water. 

The middle diagram represents the same forebody, but with a short, abruptly rounded 
rear end, and showing the result of an afterbody which is too short and blunt. 

The lower diagram is that of a typical streamline forih and shows the even flow of the 
water over the shorter, blunter forebody and its return, without deformation, over the 
longer, tapering afterbody. The broken, vertical line represents the position of maximum 
area of transverse section. 

about the recovery of a certain fraction of the original energy expended 
in displacing the water. The energy recovered never equals the original 
displacement energy — in fact, the difference is considerable — but the 
closer it approaches the latter the more effective the body becomes in 
the penetration of water. 
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It has also been claimed that the efficiency of streamline form is due, 
in part at least, to the fact that the ‘‘streams of water” flow over the 
rounded, sloping surfaces of both forebody and afterbody with minimal 
deformation, whereas departures from streamline form result in eddies 
and vortices (“dead water”) at the rear, the effect of which is to act as a 
drag on the moving body. 

The forward position of the maximum transverse section requires 
comment here. Certain early workers claimed that in a fish the maxi- 
mum transverse section is essentially at the middle of the long axis and 
that the caudal fin should not be considered, since it is located farther to 
the rear in order to function without reducing the effective area of the 
afterbody. There seems reason, however, for believing that within cer- 
tain limits, the longer the afterbody the greater the exposure to returning 
water and hence the greater the recovery of expended energy. However, 
the longer the afterbody the more gentle its slope and also the greater the 
total friction of water against it. Therefore, any extension of the after- 
body beyond a certain effecitive length would result in declining efficiency. 

Another function claimed for the form of the afterbody should be 
mentioned. If the object displacing the water terminates in a truncated 
fashion and without any reduction in the maximum transverse section, 
then the converging water just behind it manifests the maximum amount 
of eddy formation (area of dead water); and since this region is low in 
pressure, it tends to pull the body in a rearward direction. The effect of 
tapering the afterbody is to lessen the tendency to eddy formation and 
hcn(!e to reduce the drag of the dead water. Complete elimination of the 
dead-water region behind the body is not possible even by the most 
tapering afterbody, although it can be reduced in this way. It should 
also be noted that the greater the speed of flow of the water the greater the 
extent of the dead-water region. Hora (1930) claims that the long, 
whiplike tails of some of the fishes living in torrential streams have a 
particular significance in the reduction of the dead-water area at the rear. 

With reference to the form of the forebody of the typical streamline 
form, it may be pointed out that the rounded contours facilitate the flow 
of the streams of water without deformations and that, within limits, the 
shorter the forebody the less the surface to produce friction with the 
water. 

Prevalence of Streamline Form among Aquatic Animals, Among 
aquatic animals manifesting rapid locomotion through water, the stream- 
line form of body predominates, at least in the most successful ones. 
Many fishes exhibit strikingly the streamline form. The same is largely 
true of aquatic mammals. Some of the finest examples appear among 
adult aquatic insects, such as the Dytiscidae, Hydrophilidae, Haliplidae, 
Gyrinidae, Belostomatidae, Corixidae, Notonectidae, and others. In 
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fact, all of the strongest swimmers have this form of body. Larval 
aquatic insects should also be listed here, especially those with strong 
swimming powers. It is toward this form of body that the stronger 
swimmers of all groups of aquatic animals tend to converge, the degree of 
approach to perfect streamline form varying to a certain extent depending 
upon various circumstances. 

Those animals which regularly live in rapids and maintain their 
position in the face of plunging waters — black-fly larvae {Simulium)\ 
certain May-fly nymphs {Isonychia)) caddis-fly larvae {Brachycentrus) ] 
stone-fly nymphs; and others — exhibit the streamline form to a marked 
degree, accomplishing it, in some instances, in unique ways. The larva 
of the black fly is confined to running water; and since it is usually 
attached at the posterior end, the flexible body hangs suspended in the 
water, head downstream. In this position, the usual conditions are 
reversed so that the head is at the end of the afterbody, the caudal end has 
become the free end of the forebody, and the maximum transverse section 
occurs nearer the caudal end. The effect of such reversal of the usual 
conditions is to preserve the streamline form in the properly oriented 
position. Another modification of conditions occurs in a certain caddis- 
fly larva, which constructs its case in such a form that, facing into the 
current, a shorter forebody, composed of the anterior end of the larva 
and the anterior end of its case, is followed by a longer sloping afterbody 
composed of the tapering case. 

Conditions existing in streams, on wave-swept beaches, and in other 
forms of moving, shallow waters approximate, to varying degrees, 
those of rapids, and these situations commonly present many character- 
istic animals with body contours more or less of the streamline form 
(Fig. 25). Some species have tended to develop the typical streamline 
form. Still others have met the common need in a different way, 
especially those which cling closely to the supporting surface. The 
noteworthy departure in form is the development of the hemistreamline 
fornij one which might be described as the complete streamline form 
divided lengthwise in the median plane, with the flat side applied to the 
supporting surface, thus producing a limpet-like body. In such forms, 
appendages, when present, are flattened dowfi upon the supporting sur- 
face, concealed under the body, or modified in some other fashion so that 
they offer minimal resistance to the flow of water. As illustrations of 
this hemistreamline form may be cited the well-known parnid-beetle 
larva (the so-called water penny, Psephenus) ; the snail Ferricia {Arveylus) ; 
several May-fly nymphs (Epeorus, Rhithrogena, and others); the cases 
of the microcaddis-fly larva, Ithytricha confusa; the pupal shelter of 
the rapids caterpillar, Elophyla fulicalis; and the cases of certain caddis- 
fly larvae {Leptocerus ancyluSy Molanna angustata, and others). While it 
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must be understood that some of these animals have other structural 
devices for aiding in their maintenance of position in the face of moving 
water, possession of this form of body renders them less likely to be 
washed away; in fact, the moving water may tend to press them against 
the supporting object. 

In the past, it has been supposed that the definitely flattened bodies 
of certain organisms inhabiting swift streams, wave-washed shores, and 
similar situations were adaptations for life upon rocks and other support- 
ing objects in such situations, aiding in the maintenance of position. 
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Fig. 25. Diagrams representing body>form profiles of torrent-inhabiting animals, a, 5, 
f, forms of animals which dangle freely in the current; d, e, f, g, i, j, forms of animals 
which lie closely pressed to the substratum ; d, e, /, showing progressive modification toward 
tapering of the form; g, k, i, showing progressive modification toward the limpot-like form, 
a, rhya(;ophilid caddis-fly larva; b, form of free-swimming fish, such as Barbus tor; c, nymph 
of May fly Baetis; d, a Balitora fish; c, a Phractura fish; /, a Farlowdla fish; g, a Qastromyzon 
fish; K nymph of May fly Iron; i, a psephenid (Parnidae) larva; andi, a planarian. {Re- 
drawn from Hora, 1930.) 

However, there is some evidence that mere flattening may have another 
function. Dodds and Hisaw (1924) found that the most successful 
May-fly nymph in the swift mountain streams is not one with a flattened 
l)ody but one with a round body (Baetis); that only one nymph with 
flattened form (Iron) approached the rounded Baetis form in ability to 
hold its position in swift water; and that all the other flattened forms do 
not live on exposed surfaces but seek the protection of narrow crevices 
under stones. Strong adhesive structures aid the nymphs of Iron to 
maintain an exposed position. 

Among aquatic animals in general, the streamline type of body form is 
common. Examples are numerous among the Protozoa (particularly 
the Mastigophora and Infusoria), the micro-Crustacea (especially the 
free-swimming Copepoda such as Cyclops, Diaptomus, and Cantho- 
camptus), and the Rotatoria. Likewise, in various other groups, addi- 
tional examples may be sought with success. 
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Inorganic ManifcBtatwas of Streamline Form, Various observers 
(Karrer, 1921; et ah) have pointed out what they have interpreted as 
interesting instances of the streamline form in the inorganic world. 
These were found in such phenomena as the fundamental curves of snow 
drifting around obstructions; forms assumed by immobile, wind--eroded 
boulders, and the shape of the so-called snow mushrooms’' (masses of 
snow left stranded on the tops of broken trees and other objects which 
act as pedicels). 

Other Forms of Adjustment. Frictional relations between water and 
obstructing bodies depend much upon the velocity of the former, a fact 
which is often overlooked. In water velocities of the ordinary ranges, the 
rounding off of contours of the body and the elimination of surface irreg- 
ularities of all sorts (i.e., a smoothing of the outer surface) in organisms 
are not only an advantage but may, in some situations, be a necessity, 
since by these means the friction between the surface and the water is 
minimized. However, it is claimed that under conditions of still greater 
water velocities, surface roughness is an advantage, paradoxical as it 
may seem. The following explanation is given by Hora (1930). If the 
velocity of water flowing over or against a solid objecd, is less than a 
certain critical rate, under conditions of streamline motion there will be 
no slip at the region of contact of water with solid. As a conseciueiice, the 
physical features of the surface of the object will not have an influence on 
the resistance to the water flowage. Under these circumstances, the 
surface of the object is covered with a layer of water in which flowage is 
absent, and the movement of the main body of water occurs by the forma- 
tion of a shearing zone in the water itself above the quiet layer resting 
against the object. At velocities higher than the critical rate mentioned 
above, the water motion as a whole may be distinctly turbulent; if so, 
there might still remain a nonturbulent layer of water in contact with the 
surface of the object, but this layer is now so very thin that any increased 
roughness of the object's surface increases the resistance by increasing 
the eddy formation. Under these circumstances, the resistance produced 
is due, to some minor extent, to the shear in the water but for the most 
part to the eddy formation. Resistance due to eddy formation is said to 
depend entirely upon the rate at which kinetic energy is imparted to the 
eddy system and is also said to be proportional to the density of the water 
and to the square of the velocity. 

Hill and mountain streams are often very rapid and turbulent. In 
such environments, it would appear that the smoothing off of the bodies 
of organisms living therein would be an urgent necessity, since, presum- 
ably, reduced resistance would thus result. However, some animals 
living in the strongest currents possess spines on the exposed surface 
(Blepharoceridae). It would appear, on first thought, that these project- 
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ing structures would be detrimental by increasing the resistance. But, 
strange as it may seem, these roughnesses actually help to decrease 
resistance. In bodies such as spheres and cylinders, the nature of the 
resistance may change markedly with relatively small changes in the 
conditions involved; thus, it is said that at certain velocities, the resistance 
of a sphere may be reduced by roughening its surface. Hora concludes 
that it is probable that the various, conspicuously rough backs of bleph- 
arocerid larvae have been developed as a means of diminishing the 
resistance to the fierce currents in which they live; that these spines 
obstruct the flowage of water against the surface of the larva, thus main- 
taining against the animal a layer of relatively calm water, over which the 
very swift, outlying current glides- water gliding over another layer of 
water with less resistance than if it were gliding over a smooth chitinous 
surface. According to this interpretation, the spines on such a body 
would increase the resistance at some water velocities but would decrease 
the resistance at certain higher rates of flow. 

RELATIONS OF ORGANISMS TO MOVEMENTS OF WATER 

Movements of water, in their various forms, affect aquatic organisms 
in a great many ways, directly or indirectly, and often play very impor- 
tant roles in aquatic environments. The following paragraphs cover 
some of the general and more important relations. 

Effects upon Sessile Animals 

It has frequently been claimed that different growth forms in the 
same animal, notably the fresh-water sponges, are the result of presence 
or absence of water currents or movements. However, Old (1932) has 
found branched and unbranc>hed colonies of Spongilla lacustris side by 
si(U^ in both streams and lakes, thus affording double proof against the 
old idea that one form was the result of living in standing water and the 
ot her the result of living in running water. Old contends that the state- 
ment made by Carpenter (1928) that the branched form of EphydeUia 
fluviatilis occurs in lakes and the flat type in streams is the result of a 
confusion of two species, viz., Spongilla lacustris and Ephydatia fluviatilis. 
Iho basis of the production of the two or more forms of certain species of 
fresh-water sponges is not known. Claims have been made that the 
unbranched colonies are the result of unfavorable conditions, but this can 
scarcely be credited when both the branched and the unbranched forms 
occur side by side in the same water and on similar supports. Bryozoa 
have also been supposed to develop different growth forms in standing 
and in moving water. True it is that, in certain species at least, both 
fresh-water sponges and Bryozoa are highly variable in body form, but it 
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has not as yet been demonstrated satisfactorily that the presence or 
absence of current is directly responsible for the differences. 

Effects upon Motile Animals 

Many motile animals show a definite orientation response to current; 
i.e., they exhibit cither positive or negative rheotropism. Orientation 
reaction may be accompanied by locomotor activities, so that certain 
animals will not only head upstream but will swim, either maintaining 
their original position or making progress against the current. It has 
been claimed that under experimental conditions, certain fishes may 
exhaust themselves swimming against a current stronger than the 
optimum. One of the most striking exhibitions of heading into the 
current and the maintenance of the original position may be seen in 
fish-hatchery ponds in which trout (brook, rainbow, or brown) arrange 
themselves with military precision in the face of inflowing water. Some- 
times the response to current depends upon some important event in 
the life history such as sexual maturity. Greaser (1925) described an 
interesting example in the Atlantic smelt, now established in the upper 
waters of the Great Lakes, which while essentially a lake-inhabiting fish, 
becomes positively responsive to current at the onset of spawning season 
and exhibits spawning “runs^' at night into certain adjacent inland 
waters flowing into the Great Tjakes. A great many examples of orienta- 
tions to current can be accumulated from among the insects, Crustacea, 
and in fact from almost all of the groups of aquatic, free-moving animals. 
In some forms, definite, constant reac^tion seems to be absent. Different 
animals may manifest current reaction at different current velocities, 
many tending to respond to that velocity characteristic of the normal 
environment in which they live. 

Water in motion imposes pressure against certain surfaces of the 
animal, and it has been held that equality or inequality of current 
pressure on different parts of the body affords the stimulus to orientation 
of some aquatic animals, which, if true, furnishes an instance of the direct 
effect of current. Other explanations have been offered in which the 
current is considered as acting indirectly, as, for example, certain fishes 
are supposed to orient in response to visual impressions as they float 
downstream (Clausen, 1931; ei aL); and still other fishes have been 
thought to orient in response to the rubbing of parts of the body on the 
bottom as the current floats them downstream. The visual theory seems 
ineffective in those instances of runs at night (smelt) or in very turbid 
waters. By the use of modern experimental means. Brown and Hatch 
(1929) showed that the orientations of stream-inhabiting Gyrinidae 
(Dineutes discolor) have an exclusively visual basis. All of these orienta- 
tions are still far too little understood. 
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Certain phenomena, morphological or physiological, may either be 
caused by, or correlated with, movements of water and their different 
velocities. For example, it has been claimed (Altndder, 1926) that a 
general correlation exists between the rate of flow and the shape of 
mussels in eastern Bavaria. Also it has been shown (Fox et al, 1935) 
that oxygen consumption of certain caddis-fly larvae and May-fly naiads 
from swift streams is considerably greater than that of comparable species 
from still water. 

Current Demand 

Certain aquatic organisms exist permanently only in the presence of 
appropriate movements of water, and it is now known that current is 
demanded by some of them. For example, practically all animals com- 
posing the typical rapids association never occur elsewhere. Among 
these, black-fly larvae (SimuUum) of all species (one possible exception in 
Asia) inhabit only rapidly running water. Wu (1931) has shown, among 
other things, that these larvae possess an mherent demand for current and 
that their universal absence from standing waters is due directly to the 
absence of the necessary current and not to the supposed high dissolved 
oxygen demand so often postulated by earlier workers. Whether other 
members of the rapids association select their habitat primarily because of 
a similar demand for current remains for future research to determine. 
Secondarily, current is also related to SimuHum larvae in such matters as 
proper food delivery and respiration (page 1G3). 

Resistance to Water Movement 

Maintenance of position in the face of currents, waves, or other forms 
of water movement determines not only the occupancy of such a situation 
but, in many organisms at least, is a matter of life or death. In general, 
animals which meet this problem successfully do so by means of one or 
more of the following features: (1) body form which offers least resistance, 
such as the streamline or the hemistreamline form already described 
(page 161); (2) unusually well-developed burrowing or clinging habit; 
and (3) special forms of attachment to fixed, supporting objects. Com- 
binations of (1) and (2) or (1) and (3) in the same animal are common. 
Typical inhabitants of rapids, rocky stream beds, barren stony shores and 
shoals of lakes, and similar situations where burrowing is difficult or 
impossible are usually characterized by combinations of suit^^ble body 
form and clinging habit (Isonychia nymphs and others) or of suitable 
body form and special attachments {Simulium larvae and others). A 
few may maintain their position because of unusually effective attach- 
ment devices (powerful adhesive suckers of the larvae of Blepharoceridae). 

On exposed, barren, sandy shoals of lakes, practically no animal which 
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does not possess well-developed powers of burrowing can exist perma- 
nently. In only a very few instances, such as the clams, is the burrowing 
habit combined with a more or less appropriate form of body. Not only 
are the clams the largest of the inhabitants, but they usually do not 
burrow completely, thus exposing the posterior ends to the wash of waves. 
Baker (unpublished) found that clams in Douglas Lake, Michigan, vary 
markedly in their liability to be pulled loose and washed ashore by wave 
action. Table 18 includes some of his data and indicates the nature of 
the results. Moffett (1943) conducted similar experiments in Douglas 
Lake, using the same species. His findings were essentially confirmatory. 

Tabi.e 18. Differences in Resistance to Wave Action by Certain Clams in 

Douglas Lake, Michigan 
Unpublished data by B, Baker 


Species 

Sex 

Relative percentage 
of liability of being 
washed ashore 

ArmdnriJta grandifi 

Female 

100 0 

Anodonta marginata 

34 5 

Lampsilis siliquoidea 

Female 

15.6 

lAgumia {Lampsilis) nasula 

Male 

11.4 

lAgiimin. {Lampsilis) nasuta 

Female 

8.9 

Lampsilis siliquoidea 

Male 

7.2 


According to these results, distinct resistance differences exist between 
the sexes of the same specjies; th(*rcfore water movements might have a 
selective effect. However, it has been claimed (Allen, 1921) that sex is a 
negligible factor in the distribution of fresh-Avater clams. 

Provisions for Clinging and Attachment 
Among the numerous, special provisions for increased efficiency in 
maintaining position in the face of strong water movement are the 
following: 

1. Strong, recurved tarsal claws. 

2. Ex(;eedingly flat ventral surface. 

3. Strongly depressc'd body. 

4. Lateral margins of head and thorax produced in the form of flat 
margins for increased contact with the supporting object. 

5. Legs, when of large size, flattened horizontally and applied by 
their sides as well as by the tarsi to the supporting object. 

6. Special flattening of gills or the modification of the entire gill series 
to form a ventral attachment disk (Fig. 26). 

7. Special sucking disks. Examples: blepharocerid larvae; leeches; 
nymphs of May fly, Ephemerella doddsi (Fig. 27). 
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8. Ventral adhesive pads, often bearing recurved spines. Examples: 
certain stream-inhabiting aquatic Hemiptera and May-fly n3rmphs. 

9. Terminal attachment disks. Example: SimuUum larvae — poste- 
rior disk a combination of a row of hooks with a gelatinous secretion 
originating from the mouth. 



C 


Fia. 26. a, dorsal view of the rodgill 
May-fly nymph (RUhrogena doddsi); b, 
ventral view of the abdomen showing 
how the seven pairs of gill plates com- 
bine to form an oval sucking disk on the 
ventral surface; c, oblique lateral view 
of the abdomen showing the gills and 
the gill plates. {Redrawn from Needham 
and Christenson, 1927.) 




Fig. 27. a, dorsal view of nymph of the 
ginger quill May fly (Ephemerdla 
dmldsi); h, ventral view of abdomen 
showing the special sucking disk. 
(Redrawn from Needham and Christen- 
8071, 1927.) 


10. Threads which anchor the animal directly to the support. Exam- 
ple: thread used by SimuUum larvae when shifting position. 

11. Threads which anchor case or shelter of animal. Example: certain 
caddis-fly larvae. 

12. Shelters, tubes, or cases which protect against the wash of currents 
and waves. Examples: sand-constructed case of caddis fly, Molanna; 
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cases of certain midge larvae; egg capsules of leeches; tubes of tubificid 
worms. 

13. Adhesive secretions. Example: common hydra. 

Provisions for Burrowing 

Burrowing is often accomplished by animals having no special struc- 
tural provision for that purpose. In such instances, they are merely 
capable of forcing their way into bottom materials, aided by such features 
as (1) more or less pointed anterior end; (2) body movements of a pene- 
trating sort; (3) setae; (4) longitudinal contraction and extension of a 
portion of the body; (6) extensile and protrusible body tubercles^ and (6) 
strongly muscular body walls accompanied by freely-moving, soft, 
internal organs and fluids. By such means as these, some of the softest- 
bodied aquatic animals (Oligochaeta and others) penetrate the hard- 
packed sand of barren, exposed shoals, thus maintaining their position in 
the presence of the strongest wave action. 

Other animals have developed special structural features for effecting 
partial or almost entire penetration of bottom, such as (1) the flattened, 
shovel-like, anteriorly directed front legs, the posteriorly directed hind 
legs appressed to the body and adapted for pushing, and the pointed 
sloping head of the nymphs of the May flies Hexagenia and Pentagenia, 
and the dragon flies Gomphus; (2) the long, upturned, mandibular tusks 
of burrowing May-fly nymphs; (3) the muscular foot of clams and snails; 
(4) the long, spraddling, spider-like legs of certain dragon-fly nymphs 
(Macromia), so oriented on the body that they rest full length upon the 
sand and, by wriggling movements, work the sand entirely over them, 
thus gaining a certain anchorage; and (5) the strikingly flattened, shoal- 
inhabiting dragon-fly nymphs {Hagenius), which weight themselves down 
by working sand on top of the thin abdominal margins. 

Burrowing by some species may he a direct response to excess light, 
but the end result of maintaining position remains the same. 

Habits Facilitating Resistance to Water Movement 

In organisms possessing special structural features which aid, in one 
way or another, in resisting the transporting, tendency of water move- 
ment, it is perhaps unnecessary to point out that they manifest physio- 
logical activities necessary to render these stnictural features effective. 
In addition, however, there may be other animals, which, lacking special 
structural developments, manage to maintain position in current or 
wave-swept areas by reactions alone. These are exemplified by the 
habitual seeking of (1) the protected sides of and the interstices between 
rocks; (2) fissures in bottoms and bottom materials; and (3) the more 
protected parts of rooted plants. 
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Influence on Construction Activities 

Construction processes of certain animals can be properly performed 
only in the presence of water movement. A striking instance is that of 
the net-building caddis-fly larvae which can produce their nets only in 
moving water; in calm water, the attempt results only in a shapeless mass 
of threads. Certain stream-inhabiting caddis-fly larvae build portable 
cases which are heavily ballasted by the attachment of stones. This 
ballasting is regarded as a provision against being swept away by the 
current. According to Webster and Webster (1943), the larva of one 
caddis-fly, Goera calcarcda, builds significantly heavier cases in running 
water than it does in standing water. 

Distribution op Organisms 

Since moving water is an effective transporting agent, movements of 
water play a very active part in the distribution of many aquatic organ- 
isms, particularly those which are relatively small and in partial or com- 
plete suspension or those which develop life-history stages or reproductive 
bodies upon which water motion may have a direct transporting effect. 
The whole plankton is virtually, by definition, a group in perpetual 
change of position by the movements of the medium. Not only is 
plankton constantly subject to water movements, but, under some 
(iircumstances, great, temporary concentrations of surface plankton occur 
alongshore, due to the effect of onshore winds. Equalities and inequali- 
ties of plankton distribution, particularly in the upper waters, are largely 
the result of water motion. Statoblasts of Bryozoa drift widely. Many 
diverse aquatic animals secure dissemination by the transportation of a 
supporting object. Pieces of aquatic plants bearing various eggs, larvae, 
pupae, and even adults of insects, hydra, Bryozoa, Mollusca, and many 
others break from their attachments and drift with the water. Floating 
bits of wood, masses of Algae and other nonrooted plants, floating 
‘islands,'' detached pieces of marginal mats, and other similar materials 
act as disseminators in the same fashion. In the running-water series, 
not only are ordinary transportation effects present, but in times of 
freshets and high waters a partial or virtually complete scouring out and 
removal of a whole population may occur, particularly in stream beds of 
considerable slope where erosion effects are extensive. Vigorous wave 
action on lake shores commonly has a selective elimination effect, as for 
example on a sandy, exposed shoal practically all animals are "eliminated 
save those with well-developed burrowing habits; on a typical rocky, 
exposed shoal, all species are eliminated save those with well-developed 
clinging and attaching provisions and a small group of forms such as 
crayfish which utilize crevices and crannies among the rocks. There is 



162 


LIMNOLOGY 


an occasional exception to the statements made above, such as certain 
caddis-fly larvae with floating cases which seem somehow to stay mostly in 
shoal waters, but such exceptions are rare. Fishes may wander into 
shoal waters or, in some instances, come there for breeding purposes, but 
because of their marked powers of locomotion and wider ranging habits 
they may be omitted in this connection. 

Molar Agents 

Moving water is seldom if ever free from substances in suspension. 
The various conditions under which it transports particles and objects 
are too well known to justify discussion here. Add to moving water 
materials in suspension or materials capable of being rolled about on the 
bottom and the mechanical effects of the water on other objects become 
greatly increased. Sand, fine gravel, rocks of various sizes, and some- 
times even boulders, carried or rolled by the water, become a veritable 
wearing, grinding, fragmenting machine which constitutes one of the 
serious menaces to the whole biota of those situations. Conspicuous 
signs of such molar action are often found on exposed, wave-swept, nxiky 
shoals where the polished, worn, or even broken shells of mollusks and the 
damaged bodies or mutilated appendages of crayfish constitute mute 
evidence of the severity of this molar action. 

Effects of Turbulence 

Waves and currents, especially during storms and sudden high waters 
in streams are often found to produce fragmenting effects on organisms, 
especially upon certain aquatic plants and some of the more delicate 
invertebrates. Such effects, in some instances, are due to the combined 
action of both the moving water and the accompanying molar agents. 
However, vigorous or violent water motion alone may be responsible for 
the fractionating of some of the less resistant organisms, particularly the 
sessile ones, in the littoral zone. 

Knowledge of the mechanical effects of turbulence on plankton in both 
littoral and limnetic regions is in a very unsatisfactory condition. In the 
older literature it has been stated that wave action causes fragmentation 
of filamentous algae and fragile organisms, that Colonial plankters may be 
broken apart, that injury to individual plankters occurs, and that in some 
instances {Microcystis aeruginosa) smaller, more compact colonies are 
produced in moving water as contrasted with the larger, irregular, more 
loosely constructed colonies of the same species in quiet water. Recently, 
Harris (unpublished) studied the mechanical effects of turbulence on 
several common lake-inhabiting plankters. He found no evidence that 
the ordinary turbulences in the open water of Douglas Lake, Michigan, 
produce any fragmentation or separation of parts of plankters. 
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Fragmentation and destruction of plankters by rapids and waterfalls 
have been reported by competent observers, but it does not yet seem clear 
as to how much of the result is due to molar action of suspended particles 
and the character and roughness of the channel and what part is caused 
by turbulence of water alone. 

Various authors have reported what appeared to be physiological effects 
of artificially produced turbulences, such as suspension of growth in 
certain algae, acceleration of movement in Oscillatoriaj alteration in 
number of males of Daphnia, and decrease in locomotion and ingestion 
in Paramecium. Such information is still too meager and fragmentary 
to be of service to the limnologist. 

Indirect Effects of Water Movement 

Water movement is indirectly concerned with the life of aquatic 
organisms in a number of ways, the following being among the most 
important: 

1. Constant shifting of bottom materials on shoals and other shallow 
waters may prevent the rooting and, therefore, the occupancy of these 
areas by higher aquatic plants. 

2. Erosion or transportation of materials may completely alter the 
environment, converting it into some very different type to which the 
organisms are not fitted. The example of the cutting off of a sand-spit 
beach pool from the body of a lake is merely one of a great many different 
types which might be mentioned. 

3. Circulation, and in some instances the return to circulation, of 
essential nutritive substances in the water, both dissolved and suspended. 

4. Production and maintenance of turbidity, thus affecting the light 
penetration and certain other relations. 

5. Delivery of food to sessile or sedentary animals, particularly when 
the food is in the nature of suspended, living organisms (plankton) and 
suspended, finely divided, nonliving materials. 

6. Respiratory relations, such as (a) renewal of properly oxygenated 
water to respiratory surfa(;es and {h) renewal of dissolved oxygen supply 
from the air by the surface agitations incident to water movement. 

7. Temporary exposure to air, as in seiches which imitate the ebb and 
flow of a tide and which, if of sufficient magnitude, may expose for a time 
a whole set of shallow-water organisms to evaporation and other serious 
hazards. 

Subsurface Waves and Subsurface Seiches 

Subsurface waves and subsurface seiches have been studied so little 
that for the most part their effects can only be surmised. It seems prob- 
able that the most direct effect is that of horizontal and vertical trans- 
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portation of such plankton organisms as occur at the depths involved. 
Indirect effects may result through changes in the temperature at a given 
level. 

SURFACE-FILM RELATIONS 
Support 

When certain conditions are met, the surface film serves as a mechanical 
support for organisms and miscellaneous particulate materials. Both 
surfaces of the film may function in this way. The term neustoriy origi- 
nally applied to minute organisms, is now commonly extended to include 
all organisms associated with the surface film. Those related to the 
upper surface of the film comprise the supraneuston; those related to the 
lower surface, the infraneuston. 

The larger animals commonly associated with the supraneitston are: 
(1) water striders (Gerridae) ; (2) broad-shouldered water striders 
(Veliidae) ; (3) water measurers (Hydrometridae) ; (4) hebrids (Hebridae) ; 
(5) mesoveliids (Mesoveliidae) ; (6) whirligig beetles (Gyrinidae); 
(7) springtails (Collembola) ; and (8) certain spiders. In all of these 
instances, utilization of the surface film by running about over it has its 
basis in the possession of hydrofuge surfaces which make contact with 
the water. Certain of these forms have the ability to break through the 
surface film at will and swim below for a brief period. 

Hardman (1941) mentions unpublished results of experiments by G. E. 
Hutchinson dealing with the effect of reduction of surface tension on 
certain surface-skating insects. When surface tension was reduced 
experimentally to about 50 dynes per cm., which reduction is within the 
range of variation observed in Wisconsin lakes, a gerrid would fall 
through the surface film with legs held rigid in normal position, while 
Hydrometra would first collapse, lying flat on the water. Such pre- 
liminary results seem to indicate that the natural variations in surface 
tension may be great enough to affect members of the supraneuston in a 
vital way. 

The minute components of the supraneuston have been studied by 
various investigators but are still little known. This assemblage of 
organisms appears to vary locally and may be complex. Bacteria, Fungi, 
and certain Algae are said to be common. Various predatory Protozoa 
and certain Phycomycetes are reported as attacking this stratum and 
reducing it. Anopheline larvae are known to feed upon the supra- 
neuston. It is probable that it is a much larger biota than is now known. 

In addition to the groups mentioned above, the surface film serves to 
help support certain terrestrial animals, such as field crickets, grass- 
hoppers, and grouse locusts, which accidentally or otherwise get into 
marginal waters. Mention of these more or less accidental occurrences 
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of animals on the surface might not be justified here were it not for the 
fact that their relations to water may be connected with the completion 
of life cycles of certain parasites (Gordius and others) and that certain 
food relations are involved. 

The infraneuston is also but vaguely known. The lower surface of the 
film often supports temporarily certain representatives of the following 
groups of animals: the common hydra, planarians, Entomostraca (Ostra- 
coda, Cladocera), insect larvae (larvae of mosquitoes, certain midges, 
soldier flies, and others), insect pupae (midges, mosquitoes, and others), 
and pond snails. It has been contended that since this relation to the 
lower surface of the film by hydra, planaria, and snails is more or less 
incidental and that they gain no special advantage, they are not true 
representatives of the infraneuston but are to be regarded merely as 
occasional visitors. An assemblage of microorganisms occurs on the 
lower side of the surface film, composed of bacteria, plants, and animals. 
Possibly this group is more typically an infraneuston although it also has 
been suspected of being temporary in character. 

In this connection, the pleuston (page 221) should be mentioned, 
especially those components which have parts that float on the surface 
of the water, such as the leaves of water lilies, certain potamogetons, and 
others. If these surface-floating parts secure any portion of their 
mechanical support from surface tension, then it appears that they 
impose a certain handicap on themselves since Hardman (1941) showed 
that as beds of water lilies were approached in certain Wisconsin lakes 
the surface tension was reduced and among the plants the surface tension 
was depressed by 15 to 20 dynes per cm. The depressant was supposed 
to be some unidentified substance given off from the leaves. 

Respiration 

Air-breathing aquatic animals have various relations to the surface 
film which cannot be completely catalogued here. Conspicuous among 
them are the following: 

1. Some adult insects, typically aerial, descend into the water for 
purposes of oviposition. They enter the water with safety, since their 
hydrofuge surfaces cause the surface film to form a more or less complete 
envelope about the body, inclosing thereby an air space. 

2. In certain aquatic insects which carry various, more or less exposed 
air stores (bubbles at posterior end, air stores under wing covers, plastrons 
of air on venter, and others), the surface film acts as a diffusion membrane 
through which gases pass from the air space to the water, and vice versa, 
thus enabling such an insect to draw upon the dissolved oxygen of the 
water even though devoid of gills or other special provisions for sodoing. 
It has been shown (Harpster, 1941, 1944; Thorpe, 1950; Thorpe and 
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aquatic animal may be expected to complete its life cycle more slowly and 
to produce fewer generations per unit of time in the northern than in the 
southern part of its range; likewise, the normal individual life span may be 
longer. Onset of hibernation, breeding season, changes in reproductive 
activity, germination of asexual reproductive bodies, .and a host of other 
biological activities too numerous to catalogue here are profoundly 
influenced by surrounding temperatures. 

Temperature Toleration 

Each organism has a maximum and a minimum environmental tem- 
perature between which life is possible but beyond which conditions 
are lethal. Even for individual species, these temperature limits are 
not absolutely fixed, since they may vary with different individuals, with 
the different sexes, with different life history stages, with different 
physiological states, and in different parts of the geographic range. In 
spite of this variation, it is possible roughly to divide animals into two 
groups: (1) those which are restricted to a narrow range of temperature 
change (stenothermic animals) and (2) those which tolerate a wide range 
of temperature change (euthermic animals). As would be expected, 
there are intergrades between these two groups. It is a well-known fact 
that acclimatization can shift temperature restrictions as well as those of 
other environmental factors. Somewhere between the maximum and 
minimum limits, an optimum region occurs, the position and extent of 
which vary with different animals. It is sometimes stated that the 
optimum is usually closer to the maximum than to the minimum, but 
in some instances the reverse condition prevails. Acclimatization may 
also affect the position of the optimum. 

In considering temperature toleration, it should be noted that while 
some aquatic animals can survive wide extremes of temperature under 
experimental conditions or during environmental variations, such 
extremes would not necessarily be selected by the animal if free to choose. 
However, certain aquatic animals regularly experience wide differences in 
temperature as a part of the daily program. For example, Corethra 
larvae and those other plankton organisms which migrate from the 
depths to surface waters during the night, returning to the depths at the 
onset of dawn, may pass from about 4®C. at the bottom to 20®C. or more 
at the surface, in the summer time, representing almost the complete 
annual temperature range of the environment. During the winter, these 
same organisms are confined to temperatures from about 4®C. at the 
bottom to near the freezing point at the surface. 

In temperate lakes of the first and second orders, only the nonmigrat- 
ing, profundal bottom organisms live under what approximates a fairly 
even temperature throughout the year. On the contrary, those surface- 
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water forms which remain active throughout the year must endure the 
complete range of temperature. Those not active in all seasons have 
developed various forms of hibernation, and aestivation, as a means of 
passing over the more rigorous conditions. Many aquatic animals 
remain active through wide ranges of temperatures, the active period 
ending only just before the extremes are reached. 

Effects of Extremes of Temperature 

The specific effect of extremely low temperature is usually considered 
as being mainly mechanical, involving the water of the body, while that 
of extremely high temperature is principally chemical, affecting the proto- 
plasm. The chemical effect of excessively high temperature is more 
severe than the mechanical effect of correspondingly low temperatures. 
It is true that even in the temperate latitudes, certain aquatic animals 
(mosquito larvae and others) may be frozen into surface ice and recover 
on release. This phenomenon seems to be more common in the arctic 
and subarctic regions. The ever recurring question as to whether the 
protoplasm of the cells is actually frozen under such circumstances has 
apparently not been satisfactorily answered, but, at any rate, animals 
may be surrounded by ice and under conditions of such very low tempera- 
ture that complete freezing seems unavoidable. On the other hand, 
temperatures rising to a level dangerous for certain organisms seem to 
become abruptly lethal. The occasional rise of surface-water tempera- 
ture to unusual heights (although only a few degrees above the usual 
summer maximum) in protected bays in times of clear, hot weather and 
dead-calm water promptly leads to a dying off of surface plankton and 
certain other shallow-water organisms. However it should be pointed 
out that in nature the specific effect of excessive heat is difficult to deter- 
mine since rising temperatures set up other changes in the water which 
act simultaneously and may profoundly affect the end result. 

Recognition of Temperature Differences 

Some aquatic animals have a well-developed recognition of changing 
temperature and, if free to choose, may respond with considerable preci- 
sion. Under experimental conditions, certain fresh-water animals have 
been found to recognize temperature differences of 0.2°C. and react to 
them. According to Ward (1921), salmon migrating upstream^in fresh 
waters choose the cooler water at the river forks. In thermally strati- 
fied lakes, it is very difficult to determine the presence or absence of a 
limiting effect to downward distribution by the steep thermal gradient 
in the thermocline, since other varying conditions arc simultaneously 
present, such as light, chemical stratification, and viscosity changes. 
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Freezing-out Effects 

The following ^‘freezing-out’’ phenomena are of interest here: 

L Substances in solution in surface waters freeze out to some extent 
when ice forms and become more concentrated in the unfrozen water 
below. The reduction of about 20 per cent of the salt in ice frozen from 
sea water is often cited as an instance. 

2. Bacteria also “freeze out.” Ice may contain as little as 1 percent 
of the number present in the water from which the ice is formed. It is 
claimed, however, that this reduction process is not one of a removal of 
the bacteria but rather a killing off of the bacteria due to lack of food and 
water and that because of these deficiencies most of the original bacterial 
population dies off in a short time. 

3. Freezing out of dissolved gases also occurs. This may sometimes 
account for the occasional accumulation of oxygen immediately under 
the ice. 

LIGHT RELATIONS 

The various relations of sunlight to aquatic organisms may be classi- 
fied into two sets: (1) direct influences upon the organisms as a whole and 
(2) photosynthetic relations. 

Direct Influences 

Lethal Effects. Many aquatic organisms are sensitive i<o the higher 
intensities of sunlight and, in fact, must avoid them by occupying deeper 
levels in the water; by seeking the shelter offered by shore materials, 
the higher aquatic plants, or shade of overhanging shore vegetation; or 
by burrowing into the bottom or into plants. This is particularly true 
of the small, soft-bodied, nonpigmented forms into and through whose 
bodies sunlight may pass readily and with serious results. Pigmentation, 
chitinous coverings, shells, cases constructed of foreign materials, and 
similar structures provide protection in varying degrees, enabling certain 
organisms to inhabit well-lighted shoals and other areas from which they 
would be completely eliminated if their bodies were directly exposed dur- 
ing the day. Eggs of many forms must have similar protection although 
exceptions exist. Plankton organisms occur in surface waters, exposed to 
the maximum light intensity. Many arc phytoplankton and have 
photosynthetic relations, but it is a well-established fact that in most 
natural waters the maximum populations of plankton occur at some 
depth, one of the important reasons being the more favorable light effects. 
Klugh (1929) holds that the short-length ultraviolet radiations of the 
sun are deadly to plankton Crustacea and that this explains why these 
organisms, in the region of St. Andrews, New Brunswick, remain 27 m. 
or more under the surface of the sea during the day and come to the 



INFLUENCE OF PHYSICAL CONDITIONS 


171 


surface at night. Klugh (1930) also found that ultraviolet light alone^ 
submitted to various surface-inhabiting marine species, killed young 
eels in 18 to 24 hr,; killed amphipods in 2 to 4 days; had little effect on 
ctenophores; and readily killed animals which live at considerable depths 
and come to the surface only under weak illumination. Whipple (1927), 
summarizing results of experiments on effect of sunlight and ultraviolet 
light on plankton growth in a pond, reports that the sample kept in the 
dark changed only slightly from the original sample; that both sunlight 
and ultraviolet light seemed to devitalize the diatoms (excepting Syne- 
dra) but stimulated the Chlorophyceae and the Myxophyceae, the ultra- 
violet light providing a slightly greater stimulus. Since the ultraviolet 
light is quickly absorbed in the surface waters, its effects are very 
restricted. ZoBell and McEwen (1935) failed to find evidence of lethal 
influen(je of sunlight on bacteria in sea water. Many aquatic organisms, 
especially bottom-inhabiting forms, live in conditions of almost if not com- 
plete darkness and quickly succumb in direct sunlight. Light is often a 
powerful factor, sometimes the determining one, in the distribution of 
organisms in aquatic situations. 

Behavior and Orientation. Responses of aquatic organisms are often 
due to, or conditioned by, light. Forms and directions of growth of sessile 
species, changes in position or orientation, various actions having a true 
visual basis — these and other groups of responses include a vast, diversified 
aggregate of light-stimulated activities, details of which are not necessary 
for present purposes. One of the most striking results of the alternation 
of day and night is the migration of certain plankton organisms from deep 
water to the surface at night and their return to the depths near dawn. 
This phenomenon will be discussed in some detail later (page 243), but 
it will suffic^e here to state that modern work seems to demonstrate that 
light is the principal motivating influence of this migration. For some 
organisms, day is the period of general activity, night the period of 
quiescence; for other forms, the reverse is true. The literature on fresh- 
water biology is full of diverse, intriguing examples and modifications of 
such responses. Greaser (1925) has shown that the spawning run of the 
smelt from upper Lake Michigan into certain inflowing waters is at night 
and that most of the fishes return to deep water during the day or hide 
under the banks and bridges. A light held at the mouth of the stream and 
directed toward the lake will stop a large part of the run. Return to the 
lake, when the run is stopped by the arrival of daylight, is accomplished 
by a curious dropping-back reaction which is essentially a cessation of for- 
ward swimming but a maintenance of the original orientation so that they 
float iail first downstream. In many aquatic animals, the light responses 
differ markedly with physiological state, age, life history stage, season, 
and other conditions. 
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Other Ixifluences. A complete analysis of the various direct influences 
of light would add others to this discussion such as the effects upon pig- 
ments and pigment production, upon growth, upon development, and, in 
fact, upon many of the conditions involved in the general success of 
organisms. Shelford (1929) gives a general account of the effects of light 
on organisms to which the reader is referred for additional information. 
While there exist certain important contrasts between the sunlight after 
it enters water and the sunlight on land, due to inherent differences in the 
two media (water and air), the fundamental light responses of terrestrial 
and aquatic animals have much in common. 

Photosynthesis 

One of the most profound influences of sunlight (and of moonlight to a 
limited extent) in water is its intimate role in the photosynthetic processes 
of all chlorophyll-bearing, aquatic plants. Like the chlorophyll-bearing 
plants on land, these plants furnish, directly or indirectly, the carbohy- 
drate and the protein supply for the aquatic world. They occupy that 
strategic position between the inorganic and the higher organic compo- 
nents which makes the latter their complete dependents. The phyto- 
plankton has been called the green pasture of the sea, and it plays a similar 
role in fresh waters. It has been thought by some that the higher, chloro- 
phyll-bearing, aquatic plants are of minor importance in the direct aquatic 
food cy(de, but further discussion is deferred (page 305). The direct 
influence of light is upon the plant itself, making possible one of its most 
important functions. Indirectly, it is deeply involved in the whole 
matter of aquatic productivity. 

Of recent years much research has been done on chlorophyll and on the 
mecjhanisms of photosynthesis. The findings belong largely in the 
provinces of biochemistry and plant physiology. Outstanding among the 
discoveries are the following: (1) All plants do not possess the same photo- 
synthetic apparatus. For example, chlorophylls and yellow pigments 
occur in diatoms, brown algae, and red algae which are not the same as the 
corresponding pigments in higher plants. (2) Chlorophyll in plants is not 
a single substance but is diversified. Higher plants and green algae con- 
tain chlorophyll a and chlorophyll b, while diatoms, dinoflagellates, and 
brown algae contain chlorophyll a and chlorophyll c but lack chlorophyll 
b. It does not seem to have been ascertained as yet whether the products 
of photosynthesis reflect these differences in the photosynthetic mecha- 
nism. Another pigment, bacteriochlorophyll, closely related to the 
chlorophyll in green plants, occurs in certain bacteria and is said to per- 
form photosynthesis in the presence of appropriate light and other 
circumstances. 

It becomes increasingly clear that the process commonly referred to as 
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photosynthesis is a very complex phenomenon. Light, temperature, 
solutes, and carbon dioxide affect simultaneously the photosynthetic 
apparatus. However, it seems certain that light of the appropriate kind 
and intensity is the supreme factor. 

Light Requirements. The light supply has two important aspects: (1) 
light intensity and (2) effective wave lengths. 

Intensity, The rate of photosynthesis increases with the intensity of 
light; in fact, if certain conditions of temperature and carbon dioxide are 
met, the rate of photosynthesis is proportional to the intensity of the inci- 
dent light. However, the rates of photosynthesis differ in different plants. 

Wave Lengths, In spite of its importance and the numerous investiga- 
tions which have been made, this subject is still in an unsatisfactory state. 
The following statements appear to have some basis: 

1. Ultraviolet rays are of little or no consequence in photosynthesis. 
This has been demonstrated experimentally with terrestrial plants. Con- 
sidering the fact that ultraviolet waves are completely absorbed in the 
uppermost, thin layer of the water and that various aquatic plants thrive 
far below the level of disappearance of these wave lengths, the aquatic 
situation seems to offer confirmation of the statement. 

2. Experimental evidence appears to show that with equal intensity of 
incident light, photosynthesis is affected by different wave lengths, being 
greatest in the red and least in the blue-violet. Certain investigators claim 
that the rate of photosynthesis diminishes with decreasing wave length. 

If these statements are well founded, and assuming that it is legitimate 
to apply them to conditions in water, then certain interesting conse- 
quences appear, viz., that the red wave lengths are the most effective, but 
in some waters red is a region of high absorption so that; the effective pene- 
tration and intensity arc confined to the uppermost waters; that the blue- 
violet waves are the least effective but constitute a region of relatively 
low absorption in water (page 78). Jt has been pointed out (Miller, 
1931) that 

. . . since there are different degrees of absorption of the different wave lengths 
i)y the leaf cells due to specific differences of the cells themselves or to the thick- 
ness of the leaves, it would appear to be impossible to find values for the relative 
rates of photosynthesis in light of different wave lengths wliich will hold in 
general for all plants and all conditions. 

Add to this situation as it prevails in terrestrial plants the complicating 
situation of light penetration and absorption in the diverse natural waters 
with their various modifying substances in solution and suspension, and 
the picture becomes increasingly difficult. 

Effective Light Penetration. The normal existence of healthy chloro- 
phyll-bearing plants at various depth levels in water may be taken as 
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evidence that some of the effective light is present in sufficient intensity 
to enable these plants to perform photosynthesis. It must not be assumed, 
however, that the lowest limit of green plants is the lowest limit of effec- 
tive light penetration, since other circumstances may determine this lower 
limit of the plant distribution; for example, high position of the thermo- 
cline with an underlying, oxygenless hypolimnion, in mid-or late summer, 
may confine the green plants to a relatively high level, although the effec- 
tive light penetration would permit a deeper distribution. Where other 
physiochemical conditions permit, certain plants thrive at considerable 
depths in some lakes. 

The literature contains statements to the effect that Algae have been 
found in certain mountain lakes below a depth of 400 m. and at greater 
depths in the ocean, but it remains to be conclusively demonstrated that 
these plants are performing photosynthesis. Possibly, in some instances, 
they are but senile material gradually sinking from above. However, it 
is claimed that certain algal cultures have (sontinued to grow in total dark- 
ness for long periods of time when the proper nutrient materials were sup- 
plied. Hence, it may be that some Algae exist at great depths as sapro- 
phytes and without performing photosynthesis. If so, their presence 
would indicate nothing as to the depth to which light rays effective for 
photosynthesis would penetrate. 

In excessively turbid waters, the rapid shutting out of effc(‘.tivc light 
may limit chlorophyll-bearing plants to a very thin surface stratum, but 
in inland lakes at large, there is reason for believing that some effective 
light penetrates to greater depths than the plants actually inhabit owing 
to the fact that often their downward distribution is limited by other 
factors. N ot only docs this hold for the phytoplankton , but it is especially 
true of higher aquatic plants which, in the clear northern lakes of the 
United States, often do not extend beyond 8 to 10 m. depth. 

It seems certain that light is a very influential factor in determining the 
occurrence and distribution of chlorophyll in a lake. Therefore it may be 
expected that since light conditions differ in different waters the quantity 
and activity of chlorophyll will be influenced correspondingly. Never- 
theless the processes of light penetration and photosynthesis in natural 
waters are so (complex and still so imperfectly, known that it is practically 
impossible to formulate generalizations with any certainty. It has been 
commonly stated that the maximum rate of photosynthesis in lakes in full 
sunlight usually occurs somewhere below the surface layer, the exact 
depth depending upon the light transmission of the water concerned. It 
has also been claimed that plants inhabiting situations having moderately 
reduced light intensity usually have more chlorophyll than do those living 
in full sunlight. Relatively large quantities of chlorophyll have been 
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found in the profundal regions of some lakes, well below the depth of 
effective light penetration, but it is generally assumed that it is inactive 
photosynthetically. Light adaptation apparently exists in certain Algae 
(Manning et al.^ 1938) in which maximum rates of photosynthesis for 
more than one different light intensity occur; it appears to be absent in the 
higher aquatic plants. The theory of chromatic adaptation — color distri- 
bution of plants represents an adaptation to differences in light quality at 
different depths — seems to have no support in the phytoplankton and the 
flowering plants of fresh water (Dutton and Juday, 1944). The quantity 
of chlorophyll is not a strictly dependable index of photosynthetic capac- 
ity, for reasons which have been summarized by Manning and Juday 
(1941), but is generally useful in estimating the photosynthetic process in 
the uppermost waters of a lake. 

That light intensity at which oxygen production in photosynthesis and 
oxygen consumption by respiration of the plants concerned are equal is 
known as the compensation point, and the depth at which the compensa- 
tion point occurs is called the compensation depth. For a given body of 
water this depth varies with several conditions, such as season, time of 
day, degree of cloudiness of sky, condition of the water, and taxonomic 
composition of the flora involved. As commonly used, the compensation 
point refers to that intensity of light which is such that the plant’s oxygen 
production during the day will be sufficient to balance the oxygen corn- 
sumption during the whole 24-hr. period. In terms of productivity, the 
light intensity at the compensation point “is the minimum at which the 
plant in question could survive in nature, and is still too low to allow for 
any increase in crop” (Jenkin, 1937). In Lake Erie, Meyer et at. (1943) 
found that the compensation point for a scries of submerged vascular 
plants was about 2 per cent of sunlight intensity on clear summer days. 
The compensation depth would vary, depending upon differences in 
turbidity and other factors. 

Photochemical Nitrification 

An indirect effect of sunlight is through a possilde photochemical nitrifi- 
cation. It has been claimed (ZoBell, 1933) that at least a portion of the 
nitrification which goes on in the sea is photochcmically activated; also, 
it is reported that some chemical nitrification in soil is activated by sun- 
light in the absence of the biological agencies. Since nitrates are inti- 
mately concerned in plant growth and hence with productivity iq general, 
this discovery, if well founded, is of fundamental importance. As yet no 
information relating to fresh water is available, but it seems not unlikely 
that if such a phenomenon exists in marine waters and in soil, it may occur 
also in inland waters. 
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RELATIONS OF MATERIALS IN SUSPENSION (TURBIDITY) 

Effects through Light Reduction 

Perhaps the most general effects of suspended matter on aquatic biota 
are due to light obstruction. In general, these effects have two aspects, 
favorable and unfavorable. A favorable effect appears in protection 
against excess light, thus rendering the surface waters more habitable by 
light-sensitive species, or in a greater ease of escape from enemies. 
Unfavorable effects arise out of the restriction of photosynthetic processes 
in plants; the tendency of those organisms which for reasons, direct or 
indirect, require some illumination to congest the upper waters; and the 
general reduction of the more productive volume of water. 

Effects upon Temperature of Water 

Long ago, Forel pointed out that turbid waters are warmer than clear 
waters. Particles floating in water absorb heat more rapidly than does 
the water itself; then these particles radiate their heat to the surrounding 
water, thereby adding to its heat content. According to Wesenberg- 
Lund (1930), pond waters containing large quant-ities of plankton organ- 
isms, especially the Myxophyceae, behave thermally like dirty waters. 
He records such waters in which the temperature, during calm weather, 
may rise well above the air temperature and 4 or 5°C. above the water of 
those ponds low in plankton. Higgins (1932), reporting the work of Ellis 
on the Mississippi River, states that erosion silt produces definite changes 
in the heat conduction and heat radiation of the water, although the 
nature of these changes is not described. There is reason to believe that 
the heat budgets of waters are influenced by substances in suspension and 
should be taken into account in comparing such budgets. 

Food Relations 

Since some aquatic organisms feed wholly or in part upon particulate 
organic matter, the availability of this material not only at the bottom 
but also in suspension makes it possible for detritus feeders to inhabit the 
open Avaters and in some instances to be iYidependent of the bottom. 
Plankton often constitutes a very important turbidity-producing element. 
High turbidity due to this cause means the presence of a large food supply 
for plankton feeders. On the other hand, substances in suspension, 
especially in conspicuous quantities, may have a detrimental effect upon 
the feeding activities of some organisms. For example, Ellis (1936) 
showed that in laboratory experiments with water carrying a large amount 
of erosion silt, clams suffered from interference with their normal feeding. 
It also appears that in some other organisms interference with the food 
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supply may take the form of clogging collecting fans, collecting nets, and 
similar structures. 

Toleration of and Sensitivity to Turbidity 

Aquatic organisms vary widely in their relations to different degrees of 
turbidity. Since all natural waters are turbid to some degree, every 
organism meets some form of turbidity in its environment. Some organ- 
isms occupy waters or strata of waters which have low turbidity the year 
round; others are in waters perpetually muddy. Annual and seasonal 
variations may be slight or at a maximum, with every intergradation. 
Certain animals normally occur and thrive in maximum turbidity the 
year round, possessing morphological and physiological features which fit 
them for better occupancy of such a situation ; others survive the enforced 
exposure to temporarily high turbidity in times of flood, overturns, 
freshets, or severe storms but could not permanently endure these condi- 
tions; others temporarily invade muddy waters; others {Coreihra larvae) 
migrate daily from the very muddy bottom waters to the clear ones at the 
surface and back again. 

Satisfactory information on toleration ranges and sediment reactions of 
aquatic animals is surprisingly lacking; likewise, little seems to be known 
concerning the specific effects of turbidity upon the physiological processes 
of organisms. It is sometimes difficult to determine whether the effect of 
high turbidity is in the nature of an interference with some particular 
function or is merely an indirect mechanical effect of some sort. Wu 
(1931) found that the minimal current rate for Simulium larvae in the 
same stream may be different at different positions within short distances, 
owing, apparently, to sediment accumulation, the greater the sedimenta- 
tion about the larvae and their supports the higher the minimal current 
rate. Without doubt, many organisms smother in prolonged conditions 
of very high turbidity by a clogging of respiratory mechanisms. 

Morphological provisions for protection against respiratory smothering 
are described by Needham and Lloyd (1930) as being mostly in the form 
of an inclosure of the respiratory structures into protected chambers, 
these chambers in some instances (gill chambers of crayfish; rectal gill 
chamber of dragonfly nymphs; gill chamber of fresh- water mussels) being 
equipped with a straining device to allow ingress of water but not of the 
excess of suspended matter. They also describe (Fig. 28a, b) those 
remarkable modifications of the gills in the fresh-water crustaceap Asellus 
and in the nymph of the May fly, Caenis, which are interpreted as 
adaptations for protection against excess silt, since both live in very turbid 
situations. In both of these forms, the paired, platelike gills (blood gills 
in the former and tracheal gills in the latter) have become closely associ- 
ated into a sort of packet, and the anterior pair has been transformed, in 
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each instance, into a pair of enlarged gill covers which overlie and protect 
the functional gills. In addition, the gills have marginal, interlacing 
fringes of hairs which serve as strainers when the respiratory chamber is 
open. The snowflake May-fly nymph, Tricorythus explicatus (Needham 
and Christenson, 1927), has the thin gills covered by a pair of triangular 
gill plates which occur on the second abdominal segment (Fig. 28c), a 
structural provision which does much to protect the insect against the 
large amount of silt which is a regular feature of its environment. 




Fig. 28. Stniotural adaptations for protection anainsl. excessive silt, a, ventral view 
of abdomen of the criista<‘can AscUua showing the packet of blood gills and the anterior 
pair of gills modified to form a pair of enlarged opercula or gill covers, h, nymph of the 
May fly, Caenia, showing the dorsal packet of tracheal gills, the anterior pair of which has 
become developed to form enlarged gill covers, c, dorsal view of the nymph of the snow- 
flake May fly, Truorythus cxplicatua, showing the pair of t.riaiigular gill plates on the 
second abdominal segment whicdi covers the thin gills, (a and h from N ee.d}uim and Lloyd' a 
Life of Inland Watera^ Chaa. C. Thomaa, PuHiaher, 1930; c redrawn from Needham and 
Chriatenaon, 1927.) 



Recently Wallen (1951) investigated the direct effect upon fishes of 
turbidity produced by montmorillonite clay, a substance very prominent 
in muddy waters of Southwestern United States. It was shown that 
for the fishes tested turbidity effects did not develop until concentrations 
of turbidity neared 20,000 p.p.m. In lethal concentrations opercular 
cavities and gill filaments were clogged with clay particles. The reader 
is referred to this paper for full information and an extensive bibliography. 

Particulate matters suspended in moving water constitute unolar agents 
whose action depends upon such features as the physical nature of the 
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particles, the concentration of particles, and the type of water motion. 
Abrading effects of fine silt in suspension are well known, but the action 
of finer, softer particles on aquatic organisms is still uncertain. Also 
nothing seems to be known concerning the results of impacts of plankters 
on each other and on other organisms. 

Dibtwbutional Effects 

In addition to influences mentioned above, others may operate indi- 
rectly, such as the oxygen-consuming activity of organic turbidity- 
producing materials. High turbidity tends to modify general produc- 
tivity, to exercise a selective effect on the biota, and to modify the vertical 
distribution of organisms. Pearse (1939) has shown that turbid lakes 
produce their greatest variety and quantity of fish life in the 0- to 5-m. 
stratum, while in clear lakes more species and greater numbers of fish 
occur in the 5- to 10-m. stratum. 

It has long been known that in turbid waters a process known as 
flocculation may occur in which particles aggregate into masses (flocculi). 
Both organic and inorganic particles may flocculate. It is thought that 
flocculation is much retarded when the turbidity is extremely low. 
Flocculation is conspicuous in waters heavily ladened with organic par- 
ticulate matter, such as domestic sewage. There is reason for believing 
that it occurs in all natural waters to an extent determined by the amount 
and diversity of turbidity-producing materials. These flocculi often, 
])erhaps usually, contain actively growing microscopic organisms of 
various kinds including bacteria, fungi, and Protozoa. 'Phis tendency 
for fine sediments to attract into aggregates various microscopic organ- 
isms and then settle to the bottom results in a significant transportation 
of the biota from open water to bottom deposits. 

Since a large portion of the turbidity-producing materials is usually of 
the settling type (page 87), such substances are contributors to bottom- 
deposit formation. If this subsidence is not exces.sive and is composed 
substantially of organic matter it may provide a continuous enrichment 
of the bottom sediments and insure increased productivity of the benthos. 
However, if such deposition is excessive, it may have the effect of altering 
the nature of the original bottom conditions, causing extensive changes in, 
and in extreme instances extinction of, important portions of the biota. 

Under certain and somewhat special circumstances, turbidity-produc- 
ing substances, especially erosion silts, may produce density currents (page 
36), with resulting effects upon the distribution of some organisms. 
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INFLUENCE OF CHEMICAL CONDITIONS 
RELATIONS OF DISSOLVED OXYGEN 
Oxygen Supply 

Oxygen supply in air and in natural waters affords a striking contrast. 
Normally, air contains oxygen to the extent of approximately 21 per cent, 
which is an abundant supply for the respiration of air-breathing organ- 
isms. In fact, there is such a large margin of safety that, except in very 
special circumstances, lack of oxygen is almost never a threat. In water, 
however, the situation is very different. A liter of water will contain only 
about 9 cc. of oxygen when saturated with this gas, whereas a liter of air 
will have 210 cc. In view of the active interplay of oxygen-producing 
and oxygen-consuming processes in inland waters (page 94), this small 
maximum supply sets the stage for serious hazards in aquatic respiration. 
Sometimes the oxygen supply exceeds the demand so little that the 
tenuous margin of safety is wiped out by some shift in the environmental 
processes, thus leading to disaster. Those air-breathing aquatic animals 
.which make respiratory contacts with the atmosphere, directly or indi- 
rectly, may thus escape the risks confronting their aquatic associates 
which depend wholly upon the oxygen dissolved in the water. Surface 
waters, at least during the ice-free seasons, usually maintain a dissolved 
oxygen near saturation, but other waters may show oxygen reduction and, 
at times, even depletion. 

Excess of Oxygen 

Moderate supersaturations of dissolved oxygen occur in natural waters 
from time to time, usually owing to the photosynthetic activities of large 
masses of green plants in very calm water. Under special and rarer cir- 
cumstances, large accumulations of excess oxygen appear in the upper 
part of the thermocline or in deeper strata of a lake. Quantities as large 
as 364.5 per cent saturation have been reported (Birge and Juday, 1911), 
and even larger amounts are on record although such excesses are rare and 
the conditions producing them not well understood. Among the large 
number of limnological records by the writer and his graduate students, 
made mostly on various lakes in Michigan, no excesses of dissolved oxygen 
greater than about 195 per cent have been found. That oxygen in excess 
amounts is toxic to many air-breathing animals has been demonstrated 

ISO 
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experimentally by Adams (1912), Cleveland (1926), and others. How- 
ever, thus far the writer has failed to find, either in nature or in limnologi- 
cal literature, positive evidence that such excesses of dissolved oxygen as 
are known at present to occur in natural unmodified waters either have 
any serious effect or continue long enough to cause serious effect upon the 
organisms. Under experimental conditions, increases up to 25 cc. per 
1. are said to have no marked effect on fishes. In fact, it appears that 
virtually no effect of any sort results from water supersaturated up to at 
least 223 per cent (Birge and Juday, 1911). However, Matheson and 
Hinman (1931) found that mosquito larvae die in 2 to 4 days when sub- 
mitted to a stream of minute oxygen bubbles and believe that the absence 
of these larvae in certain ponds in which Chara fragilis grows abundantly 
is due to the small bubbles of oxygen, present in excess amounts, which 
are ingested and which either have a deleterious effect upon the digestive 
processes or affect the food supply so as to render it unavailable. Work 
on pond fishes (Wiebe, 1933) showed no significant effects resulting from 
high concentrations of dissolved oxygen, but Woodbury (1942) suspected 
excess oxygen as the cause of mortality of fishes in Lake Waubesa, 
Wisconsin. 


Normal Dissolved Oxvgen Requirements 

With the exception of the anaerobic bacteria, that uniipie group of mis- 
cellaneous animals which occurs in the bottoms of deep lakes under 
anaerobic conditions (page 183), and perhaps certain of the internal para- 
sites occurring in aquatic hosts, all organisms living in fresh waters require 
an adequate supply of free oxygen. Remembering that, in the dynamics 
of natural waters, oxygen supplying and oxygen consuming processes are 
in constant action, the limits of an adequate supply of dissolved oxygen 
for organisms at large become an important matter. 

A large literature now exists on the oxygen requirements of animals. 
Studies have included various animals from the Protozoa to the verte- 
brates, many of which have been selected from the aquatic groups. Not 
all of the work has been equally good, and results are sometimes conflict- 
ing and debatable. Out of the accumulated material has come one 
generalization w^hich appears to be vrell founded, viz., that many inverte- 
brates find the oxygen supply adequate, showing no visible sign of recog- 
nition of declining supply, until that supply has dropped to a very low 
level. In fact, some animals do not show evidences of response to declin- 
ing oxygen until it has been reduced to 0.2 to 0.3 cc. per 1. Furtliermore, 
it is now known that in many aquatic animals, possibly in most of them, 
respiration is independent of varying oxygen tensions for the greater part 
of the normal range of the variations. 

Some of the records of supposed oxygen minima have resulted from 
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observations in nature, such as the capture of fishes by deep-set nets and 
the collection of plankton organisms and of various higher invertebrates 
at depths through which the dissolved oxygen is declining. In some of 
the records for fishes, there is doubt as to whether the individuals caught 
were truly inhabiting those conditions or whether they were caught while 
on a temporary excursion into waters uninhabitable except for very short 
periods. Pearse and Achtenberg (1920) state that perch may enter the 
oxygenless profundal regions and use part of the oxygen supply in the 
swim bladder for respiration. The case is probably clearer for those care- 
fully conducted field observations on plankton organisms. It should be 
pointed out that the minimal oxygen requirement may be affected some- 
what by other environmental features, e.g., temperature, CO 2 , and certain 
conditions existing within the organism itself such as age or life-history 
stage. Therefore, any attempt to define precisely a dissolved oxygen 
minimum for an animal by the examination of its distribution in nature 
should include a statement of the essential environmental conditions sur- 
rounding it at the supposed minimum and the state of the animal itself. 
Without doubt, some of the discordant results in the literature have been 
d\ie to differences in circumstances inherent in the observations or experi- 
ments. Many of the oxygen minima on record were based upon lethal 
points only. This is particularly true of such determinations made on 
lower organisms in which symptoms of the onset of oxygen want are not 
recognizable or are very uiK^ertain. Information on death points may be 
valuable, but for limnological purposes the most important need is for 
means of detecting that threshold of oxygen decline beyond which the 
organism comrerned is suffering from oxygen deficiency. 

For both scientific and practical reasons, many studies have been made 
on fishes. Results for the same species do not always harmonize, proba- 
bly owing to differences in the conditions of the observation or experiment, 
also possibly to differences in the oxygen requirements in individuals of 
the same species in different parts of their geographic range. A certain 
acclimatization may operate here as well as in other functions. Existing 
records, even recent ones, are too numerous and diversified to summarize 
here. Perhaps one of the best generalizations is that of Ellis ei al. (1910), 
based upon several thousand field determinations made on inland waters 
in central United States, viz., that in general “dissolved oxygen at levels 
of 3 p.p.m. or lower should be regarded as hazardous to lethal under aver- 
age stream and lake conditions; and that 5 p.p.m. or more of dissolved 
oxygen should be present in waters, if conditions are to be favorable for 
freshwater fishes.’^ This statement assumes, of course, that other vital 
requirements are maintained within their proper limits. It also applies 
primarily to warm-water fishes. It has been claimed that cold-water 
fishes require a higher dissolved oxygen content. 
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Since metabolic rates, inherent degree of activity, expanse of respiratory 
surfaces, and character of the circulatory system — features affecting the 
rate of oxygen consumption — vary in different animals, it would seem that 
some animals might well have a minimum much higher than others. 
However, many of the older statements of such high minima have been 
found to be based upon inference only. Too often it has been assumed 
that animals living in highly oxygenated waters are there because they 
require the high oxygen pressure provided by such situations. Such an 
assumption has long existed for the animals restricted to rapids, mountain 
streams, and other agitated waters, but Wu (1931) showed in her study 
that Simulium larvae live only in running water because of current 
demand and not because of the often postulated high oxygen requirement. 
It is possible that the explanation for the occurrence of other components 
in the rapids association will have a similar fate. 

lluttner (1920) pointed out that the respiration of aquatic organisms 
depends not alone upon the dissolved oxygen content but also in a signifi- 
cant measure upon the temperature of the surrounding water; that the 
oxygen consumption is almost doubled by a rise of 10°C. ; that the same 
amount of dissolved oxygen has about twice as great a supply value at 5 
as at 15®C. ; that in lakes showing a decline of the dissolved oxygen in the 
deeper waters in summer or winter, the water temperature must be con- 
sidered in determining the respiratory value of the dissolved oxygen pres- 
ent; and that, the practice of expressing the results of dissolved oxygen 
analyses in percentages of saturation is misleading, since, from the point 
of view of the oxygen demand by organisms, the respiratory value is not 
taken into account. 

Resistance to Ahbence of Dissolved Oxygen 

Organisms Inhabiting the Oxygenless Regions in Lakes. Most tem- 
perate lakes of (he second order maintain a unique population of organ- 
isms in the profundal bottom regions where, during the summer and win- 
ter stagnation periods, the dissolved oxygen is absent for many weeks, 
in some lakes having incomplete overturns and thus maintaining con- 
tinuous stagnation conditions in the profundal regions, an animal popula- 
tion may be totally absent. Table 19 includes some of the animals now 
known from North American lakes which exist, during the stagnation 
periods, in the profundal mud under conditions of no detectable oxygen. 
Anaerobic bacteria occur in such situations. 

The animals named in Table 19 are typical components of the profundal 
bottom fauna. Such a fauna varies qualitatively and quantitatively both 
in different lakes and in the deep, submerged, independent depressions 
within the same lake. It also varies with the progress of the summer or 
winter stagnation periods, as will be shown later. Certain quantitative 
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Table: 19. Some Animals Known to Occur in the Profundal Oxtoenlebs 
Regions d» American Lakes 


Animal 

Protosoa: 

Kepresentativcs of IHfflugia; Pdomyxa; Monaa; Para- 
nema; Caenotnorpha (* Gyrocoria); Colepg; Coipi- 
diwn; Laerymaria; Loxodeit; hoxophyUum; AfeUtpua; 
Paramecium; Prorodon; Spiroatomum; Stentor; 
(fronema 

Enchdya sp 

Ptiomyxa paluatria 

Pelomyxa mlloaa 

ColcpH hirtiia . . 

Cothurnia sj» 

Frontonia leucaa 

Spiroatomum ambiguum 

Stentor coeruleua 

Nematoda: 

Anguillula Hfi 

Hydromermia 8p 

Unidentified Nematoda 

OliKochaeta: 

Limnodrilua da paredxav uh 

Limnodrtlua hoffmmaUri 

Limnodrilua sp 

Tubifex sp 

Gastrotricha: 

Cha^tonotua sp 

Chaetonotua sp 

Hotatoria: 

PkUodina sp 

Rotaria rotatoria 

Rotaria tridena 

Crustacea: 

Candona exUia 

Candona reflexa 

Candona sp 

Cypria exaculpta 

Cypria laruatria ... ■ 

Canthocamptua ataphylutoidea (nysts) 

Cantkocamplua ataphylinoidca (active) 

Cyclops biruapidatus (cysts) 

Cyclops hicuspidatus (cysts) 

Insecta: 

Corethra punctipennia larvae 

Corethra punctipennia larvae 

Chironomua tentana larvae 

Protenthea rhoreua lurvao 

Chironomua plumoaua larvae 

Chironomua plumoaua var 

ferrugineovitiatua larvae 

Chironomua utahenaia larvae 

Chironomua faaciventria lurvui' 

Protenthea culciformia larvae 


Lake 


Lake Mendota, Wis. 


Lake Mendota, Wis. 
DourIos Lake, Mich. 
Douglas Lake, Mich. 
Douglas Lake, Mich. 
Douglas Lake, Mich. 
Douglas Lake, Mich. 
Douglas I^nke, Mich. 
Douglas Lake, Mich. 

Lake Mendota, Wis. 
Douglas Lake, Mich. 
Douglas Lake, Mich. 

Douglas liakc, Mich. 
Douglas Lake, Mich. 
I^ike Mendota, Wis. 
Lake Mendota, Wis. 

Lake Mendota, Wis. 
Douglas Lake, Mich. 

Lake Mendota, Wis. 
Douglas T/akn. Mich. 
Douglas T^ake, Mich. 

Douglas Lake, Mich. 
Douglas Lake, Mich. 
Lake Mendota, W'is. 
Douglas Lake, Mich. 
Douglas Lake, Mich. 
Douglas Tiako, Mich. 
Douglas T<akc, Mich. 
Douglas Lake, Mich. 
Lake Mendota, Wis. 

Lake Mendota, Wis. 
and elHcwherc 
Douglas Tiake, Mich. 
Lake Mendota, Wis. 
Lake Mendota, Wis. 
Douglak Tiako, Mich. 

Douglas Lake, Mich. 
Douglas Lake, Mich. 
Douglas Tiake, Mich. 

. Douglas Lake, Mich. 


Mollusca: 

Piaidium idahoenae Lake Mendota, Wis. 

Piaidium compreaaum Douglas Lake, Mich. 

Pmdiumsp Douglas Lake, Mich. 

Muaculium roaaceum Douglas Lake, Mich. 

Muaculium truncatum Douglas Lake, Mich. 


Authority 


Birgo A Juday (1011) 


Juday (1910) 

Moore (1039) 

Moore (1030) 

Moore (1030) 

Moore (1030) 

Moore (1030) 

Moore (1030) 

Moore (1939) 

Juday (1008) 

Eggleton (1931) 
Moore (1939) 

Eggleton (1931) 
Eggleton (1931) 

Juday (1908) 

Juday (1908) 

BirgeA .luday (1911) 
Moore (1939) 

Birgo A Juday (101 1) 
Moore (1939) 

Moore (1030) 

Moore (1939) 

Moore (1939) 

Birge A Juday (1911) 
Moore (1939) 

Moore (1930) 

Moore (1030) 

Moore (1939) 

Moure (1930) 

Birge A Juday (1011) 

Birge A Juday (1911) 

Eggleton (1931) 
Muttkowski (1918) 
Muttkowaki (1018) 
Eggleton (1031) 

Eggleton (1931) 
Eggleton (1931) 
Eggleton (1931) 
Eggleton (1031) 

Juday (1908) 
Eggleton (1931) 
Eggleton (1931) 
Eggleton (1931) 
Eggleton (1931) 
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fluctuations are due to the emergence of the adult stages of the insects 
{Corethra, Chironomus, and others). This fauna will be discussed in the 
chapter on benthos. 

Source of Oxygen Supply. During the spring and autumn overturns, 
bottom waters become as well supplied with oxygen as are the surface 
waters; also they are freed from excess accumulations of decomposition 
products. Advancing stagnation gradually exhausts the oxygen at the 
bottom, and, in time, anaerobic conditions prevail, to continue for many 
weeks until the next overturn rejuvenates the whole body of water. Dur- 
ing this period, the profundal, bottom animals are without an obvious 
source of oxygen, yet they are often present in great numbers. With the 
exception of Corethra ( = Chaohorus) larvae which migrate to the surface 
waters at night and return into the depths during the day, all of these 
profundal bottom animals are confined to that situation which not only 
continues without dissolved oxygen but gradually accumulates decom- 
position products. The source of the oxygen necessary for their metabo- 
lism becomes, then, a pertinent question. Various explanations have 
been offered, some seeking the source in certain processes within the 
animals, others in certain external phenomena. The following are some 
of the theories: 

1. Storage of oxygen. Various investigators have proposed explana- 
tions based essentially upon the idea that the haemoglobin of the blood 
may act as a storehouse for oxygen ; that such storage at times of abundant 
free oxygen may furnish the supply in an oxygen deficiency. Since only a 
few of the profundal bottom animals have haemoglobin, and since it has 
been shown that the amount of oxygen stored by haemoglobin is utterly 
inadequate for the requirements of the animals during the long-continued 
oxygcnless period, explanations having this feature as the essential back- 
ground arc worthy of little consideration. It has also been postulated 
that Corethra larvae store air in the ‘^air sacs,'' when in the surface waters 
at night, sufficient to provide for their needs during the day's sojourn in 
the oxygcnless, profundal waters. This explanation w'as based wholly 
upon inference. In spite of the many studies made upon Corethra larvae, 
the function of the air sacs is still an unsettled question. 

2. Internal chemical transformations. These theories have in common 
the idea of chemical transformations taking place within the animal, such 
as occur in the utilization of foodstuffs in which oxygen is released and 
made available for recombination. Some claim a source from thjB splitting 
of stored glycogen, such as is said to occur in some parasites; others are 
content merely to postulate intramolecular respiration. Opponents to 
explanations of this sort urge that oxygen resulting from such a source 
would not suffice for the energy exhibited by some of these animals. 
Another explanation has as its basis the supposed presence in the animal 
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of an enzyme complex which can synthesize a peroxide and then split off 
oxygen from it. 

3. Catalysts facilitating oxygen absorption. Since it has been shown 
that many profundal bottom animals have manganese in their tissues, it 
has been supposed by some that this element may serve as a catalyst, 
facilitating oxygen absorption at low tensions, but total absence of oxygen 
does not seem to be provided for in this theory. Attempts to attach 
significance to a supposedly higher catalase content in profundal bottom 
animals have yielded nothing. 

4. Atomic oxygen from decaying plant tissues. Cole (1921) found that 
the decomposing plant tissues in the profundal mud, even under anaerobic 
conditions, gradually liberate small amounts of an oxidizing substance 
which he postulated to be atomic oxygen and which, it was claimed, could 
be utilized by the animals living in such close relationship to the decaying 
plant debris. 

None of these explanations is free from objections. The source of the 
oxygen supply is still uncertain. 

Temporary Anaerobiosis. It has long been known that many aquatic 
organisms can live for longer or shorter periods of time in the absence of 
free oxygen, although none of the intervals of anaerobiosis (some hours or, 
at most, several days) compares in length with the period of many weeks 
in the profundal bottom regions during the stagnation periods. Animals 
living in the muddy bottoms of shallow water or other similar conditions 
in which the oxygen exhaustion occurs quickly and for limited times, may 
be forced to meet these temporarily unusual conditions. Many may suc- 
cumb, but certain ones are able to survive such a period. These facts 
have been established both by observations in nature and by experimenta- 
tion. Certain representatives of Protozoa, nematodes, earthworms, 
leeches, immature stages of insects, mollusks, fishes, and others exhibit 
this ability. Flxplanations of this type of survival are as yet inadequate. 
In some mollusks, it has been claimed that glycogen reserves disappear 
during the oxygenless period. Cleary (1948) found that in certain 
oligochaetes glycogen is used in excess when the Avorms are subjected to 
anaerobic conditions. Some investigators claim to have demonstrated 
that during oxygen lack a certain amount of. energy may be released by 
the splitting of carbohydrates into reduced substances, thus building up 
an ‘^oxygen debt,” this debt being repaid by the increased rate of oxygen 
consumption when the organism is returned to aerobic conditions. 
According to another explanation, oxygen lack may be met, at least tem- 
porarily, by the simple reduction of oxygen requirements by a slowing 
down of the vital processes. A certain fresh-water clam which can with- 
stand several days of exposure to oxygenless water was found to contain, 
according to one investigator, a peculiar enzyme complex which was inter- 
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preted as a possible respiratory agent functioning under conditions of 
oxygen deficiency. Certain biologists have claimed that anaerobic 
respiration^ was the primitive fundamental type and that the utilization 
of free oxygen was a subsequent development in evolution, from which it 
might be argued that these varying abilities of different animals to with- 
stand anaerobic conditions are persistent remnants of past history. 

Alterations of Resistance to Absence of Oxygen. Experiments have 
indicated that in certain fishes resistance to lack of oxygen is increased by 
the injection of sodium bicarbonate and that decreasing the alkalinity of 
the blood by injecting acetic acid into it reduced the resistance; also, that 
fishes live longer in oxygen-free water if previously injected with carbohy- 
drates such as mannose or glucose; and, furthermore, that the embryos of 
cc?rtain marine fishes lived in oxygen-free water 73 to 141 per cent longer 
in the presence of glucose, maltose, levolose, and cane sugar, the increase 
of resistance varying with the different sugars. It is possible that among 
the innumerable substances in natural waters there may be present, at 
times and at certain places, substances which facilitate those processes, 
whatever they are, which enable animals to inhabit oxygenlcss waters. 
It has also been pointed out, on the basis of the experimental results men- 
tioned above, that if an organism possesses the ability to change the 
chemical composition of its blood it might become increasingly capable of 
occupying oxygcnless water. Powers (1922) holds that the alkali reserve 
of the blood of fislies is intimately related to the problems of absorption 
of oxygen at different tensions. 

Recently, l^rand (194()) reviewed extensively the whole subject of 
anaerobiosis in invertebrates, and his account should be consulted for 
further details. 

Some Effects of Insuffk^ient Dissolved Oxygen 

When, for any i‘eason, the dissolved oxygen falls to or below the mini- 
mum for any animal, certain eventualities occair. The usual ones are: 

1. Attempts to migrate. In lakes, it is usually an upward migration 
into overlying, better oxygenated waters, and, if the animal (^an thrive in 
increasing light intensity, increasing water movement, and the other 
features of the upper waters, it finds security in this migration, particu- 
larly in the summer when the epilimnion is always favorable so far as 
oxygen supply is con(;erned. Largely as the result of this upward migra- 
tion, the whole hypolimiiion ultimately becomes devoid of animals save 
for the occasional temporary invader and the profundal-bottom anaerobic 
organisms. These upward migrations may account, in part at least, for 

^ Some authors hold that the expression “anaerobic respiration “ should be replaced 
by the term “fermentation. See Science, 1945, 101: 88 89, 352-353, 585- 58G, for 
discussions. 
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In general, very low concentrations of carbon dioxide in the surrounding 
medium do not prevent blood from becoming approximately saturated 
with oxygen even when the latter is present in quite reduced amounts. 
However, as carbon dioxide tension is increased, the capacity of blood for 
oxygen becomes reduced, the amount of reduction varying with the 
amount of carbon dioxide and with the species of animal involved. In 
sem? fishes the effect of carbon dioxide on oxygen transport is said to be 
very marked; in certain others it seems to be almost negligible; in still 
others, the degree of effect lies, to varying extents, somewhere between 
these two extremes. Fry (1939) found that, for the situations studied by 
him, sensitivity to carbon dioxide showed a correlation with vertical dis- 
tribution of fishes in lakes in summer. The most sensitive species were 
found in the hypolimnion, the least sensitive in weedy shallows. Evi- 
dently such correlation must be due to differences in oxygen transport 
capacity of blood in the species concerned. 

Since in nature increases in carbon dioxide are almost invariably associ- 
ated with other simultaneous chemical changes, its specific effects are 
usually very difficult to establish. Powers (1938, 1939) reported instances 
of sudden mortality among fishes in nature which seemed to be caused, 
not by oxygen shortage, but by abnormally high carbon dioxide tension in 
the water. He interpreted the deaths to be due to “a derangement 
brought about by the blood compensating first for a high and then a low 
CO 2 tension in the water.” He stressed the serious effects of fishes 
encountering wide, abrupt changes in carbon dioxide tension. He also 
held that fishes may tolerate wide, but not sudden, ranges of carbon 
dioxide tension of the water l)y “increasing the alkali reserve of their 
blood in high carbon dioxide tension water and by lowering the alkali 
reserve of their blood in low carbon dioxide water.” 

Rkuations to LiMK-PiionuciNG Organisms 

The potential supply of carbon dioxide is closely linked with those 
biological activities centering about lime production. Certain funda- 
mental facts relating to combined carbon dioxide have already been 
presented (page 99). Since various organisms function in the produc- 
tion of lime, and since lime formation involves a tying up, temporarily 
or permanently, of some of the carbon dioxide supply, these processes will 
be considered in some detail. 

Limnologists commonly refer to lime accumulations in water as marl. 
This term has many definitions. As used in this book, marl is a soft, 
whitish, finely divided to crumbly deposit composed largely of calcium 
carbonate derived from various sources such as precipitation by plants, 
remains of calcareous shells of animals, remains of calcareous plants, and 
certain inorganic processes. 
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It should be noted that since the carbonates involved are largely com- 
pounds of carbon dioxide with calcium or magnesium, all of these sub- 
stances enter inseparably into the processes to be described. It is well 
known that calcium is an essential element for most green plants (not 
essential for many Algae), and magnesium is likewise desirable. It seems 
also to have been well established that the more calcium and magnesium 
in water, other things being the same, the greater the productivity. 
Therefore, processes which lead to the precipitation of calcium and 
magnesium monocarbonate remove from availability, either temporarily 
or permanently, quantities of two sets of substances (calcium or mag- 
nesium, and carbon dioxide) both of which are indispensable. Calcium 
is not only a necessity per se in plant growth, but, in addition, its ions are 
said to make physiologically available other equally indispensable 
nutrient ions. 

Lime Precipitation by Bacteria. It has been stated that certain 
bacteria, occurring in shallow seas, cause precipitation of calcium car- 
bonate on a large scale, but this claim has been disputed. However 
(Bavendamm, 1931, 1932), the claim has been revived on new evidence. 
Almost nothing is known concerning such a role for bacteria in fresh 
waters. No lime-precipitating bacteria have been definitely demon- 
strated in American inland waters unless it be found that a reported 
minute lime-precipitating organism in hard-water streams in eastern 
United States proves to be of a bacsterial nature. However, the existence 
of special lime-forming bacteria has been definitely reported in European 
literature, and it may be that such organisms will later be found in Ameri- 
can waters. 

Lime Formation by Algae. A common phenomenon in many of the 
medium- and hard- water lakes of Northern United States and elsewhere is 
the formation of calcium carbonate by Algae, sometimes in striking quan- 
tities. In fact, in some lakes, large beds of marl are almost exclusively 
the result of the action of Algae. The principal forms of lime formations 
so produced are as follows; 

1. In sandy, exposed beaches, both above and below water line. Inter- 

mixtures of marl and sand on wave-swept, sand shoals and beaches are 
commonly the product, in part, of certain Algae living in the sand. These 
so-called “green sands can easily be demonstrated by removing the thin 
surface layer. Such sands often contain enough Algae to give the whole 
a distinctly green color. , 

2. Incrustations on the surface of rocks and other fixed objects in shal- 
low water. Marl deposits of varying thickness and general form are com- 
mon over inanimate objects in shoal waters. Since, superficially, the 
appearance is often brownish, the presence of Algae may be overlooked, 
but removal of the thin, surface layer permits the green of the Algae to 
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appear. Such incrustations occur profusely on rocks exposed to severe 
wave action, but there is reason for believing that the thickness of such a 
layer is limited by the waves, the excess accumulations being washed off 
by the moving water and dropped to the bottom. Such accumulations 
vary in general appearance; sometimes they form layers of almost uniform 
thickness all over and around the supporting objects; sometimes they 
form tubercle-like aggregations of varying sizes, each aggregation repre- 
senting a center of growth of the Algae and their products. In the less 



Fio. 29. Photograph of a bed of marl concretions exposed by an unusual fall in water 
level of the lake. Exposure to the air and the wash of waves has caused some alterations ui 
the original shape and sizes of the tsoncretions. These concretions are produced by marl- 
foriiiing Algae. Bass Lake, near Lakeland, Mich. {Photograph by J. E. Reighard.) 


exposed, shallow waters, such layers are sometimes quite thick. Uncov- 
ered roots of water plants may acquire a thick (jovering, and in some 
situations great masses accumulate on abrupt banks just below the water 
line. 

3. Accumulations on exposed posterior ends of fresh-water mussels. 
In waters containing marl-forming Algae, the exposed caudal tips of fresh- 
water mussels are favorite places for these accumulations. Frequently, 
every mussel in an undisturbed lake bottom will exhibit algal marl 
masses, most if not all of which are of a green color. The thickness of 
these accumulations varies with the degree of exposure to wave action; 
those on mussels inhabiting exposed, wave-swept shoals are relatively 
thin, compact, and dense, while those growing on protected shoals may 
bear conspicuous, looser masses, 1 to 2 in. in thickness. 





INFLUENCE OF CHEMICAL CONDITIONS 


193 


4. Marl pebbles and marl concretions. For reasons not fully known, 
deposition of lime by Algae sometimes takes the form of compact, spheri- 
cal, or flattened concretions varying in size from that of small pebbles to 
large masses 6 in. or more in diameter. Formations of the size of pebbles 
are more common, while the large concretions seem to be more or less rare. 



Fig. 30. Photograph of the beach of a lake which produces unusual quantities of marl 
concretions. What appears to be a rocky, gravelly beach and bank is actually the water- 
worn marl concretions which have been washed up by the waves. Note that the highest 
portion of the bank, in the rear of the photograph, is also composed of the same material. 
Bass Lake, near Lakeland, Mich. {Photograph by J. E. Reighard.) 

although when they do occur they may be present in great quantities. 
Certain lakes in the vicinity of Ann Arbor, Mich. (Figs. 29 and 30), are 
usually rich in these large concretions, extensive areas of the bottom being 
completely covered with them. When viewed from a boat, the^r give the 
bottom the appearance of being paved with stones. In this same region, 
large, spherical lime concretions, 7 to 8 in. or more in diameter, excavated 
from the beds of certain rivers, may have been formed in ancient time as 
the result of algal activity. Concretions often contain at the center some 
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foreign object, such as a small snail shell, and sometimes they are built 
about a larger object such as the shell of a mussel; however, concretions 
are sometimes found which seem to lack any such central object. As they 
occur on the lake bottom, they are usually of a greenish-brown color, due 
to the admixture of the Algae, the calcium carbonate, and the extraneous, 
finely divided materials which have settled into the interstices. In Ore 
Lake, near Ann Arbor, Mich., such concretions are of a light, brick-red 
color owing to the presence of a considerable iron content. 

5. Lime deposition by Chara. Chara, a plant commonly listed among 
the Algae, lives in shallow water and is rooted to the bottom. In certain 
waters, it grows in great quantities, carpeting large areas. It has a 
peculiarly characteristic brittleness and a roughness to the touch. Its 
vernacular name, stonewort, arose from the fact that this plant contains 
in its tissues and bears on its surface an unusual amount of calcareous 
deposit. So abundantly may it grow and so high is the calcareous con- 
tent that in certain lakes it is said to form the chief, or even the sole, source 
of marl, and that large marl deposits have resulted from Chara alone. 
Analyses indicate an unusually high carbonate content, calcium carbonate 
composing about 30 per cent of the dry weight- of the plant, and mag- 
nesium carbonate about 2 per (;ent. The great windrows of Chara frag- 
ments sometimes seen along the shores of marly lakes indicate the nature 
and method of bottom deposition by this plant. 

The Algae associated with lime deposition appear to be largely of the 
blue-green type (Myxophyceae). Thus far, the question of which Algae 
are most concerned with the actual deposition has remained largely unan- 
swered. It is not impossible thai- some of the Algae reported as present 
in the marl masses merely find them a habitat and may be only inciden- 
tally concerned. An extensive literature exists on this subject, out of 
which only a few works can be mentioned here. Wesenberg-Lund (1901) 
found such deposits in Danish lakes due mostly to representatives of the 
genera Schizothrix and Rwularia, with diatoms and certain Cladophora 
producing similar deposits in springs. Pollock (1919) found four species 
of blue-green Algae to be more constantly present than the others in the 
marl concretions of Ore Lake, near Ann Arbor, Mich., viz., Schizothrix 
Jcksciculaia, Lyngbya nana, Lyngbya martensid^ia calcaria, and Dichothrix 
calcarm. Certain other forms were less regularly and less abundantly 
associated with those just named. Kindle (1927) reported three species 
of GImocapsa as responsible for the original growth of marlyte pebbles in 
Mink Lake, Canada, with Tolypothrix tenuis coming in later; also present 
were another blue green Alga {Phormidium teriax), a green Alga {Centro-^ 
sphaeriafacciolaea)y and 14 different species of diatoms. Kindle likewise 
presented some evidence which suggests the deposition of lime by diatoms. 
In a preliminary examination of the lime deposits on the exposed pos- 
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terior ends of mussels in Douglas Lake, Michigan, Prof. G. E. Nichols 
found a representative of Tolypothrix to be the chief Alga present in the 
samples which he examined. 

There is good evidence that deposits in connection with Algae are 
characterized by high percentage of calcium carbonate. Pollock (1919) 
found that the marl pebbles from Ore Lake were 97.22 per cent soluble in 
hydrochloric acid (chiefly calcium carbonate); of the remaining 2.78 per 
cent, 84 per cent (2.34 per cent of the whole pebble) was volatile on incin- 
eration (chiefly organic matter). 

No satisfactory information seems available as to the rate of deposition 
of lime by Algae. Obviously, there must be some direct relation between 
the amount of deposit and the number of Algae present. Pollock esti- 
mated that, under the conditions of algal lime deposit on exposed tips of 
mussels, the maximum rate of deposition would be about 30 cm. of marl 
for each 50 to 100 years and discussed evidence which suggested that a 
rate of 4 mm. per year was Avithin the limits of possibility. 

Lime Formation by Aquatic Flowering Plants. Various aquatic plants 
develop incrustations of marl upon leaves, petioles, stems, and other 
exposed parts. In fact, some investigators of marl formation who prefer 
to look upon these incrustations as precipitations of lime from the water 
due to plant activity believe that all of the aquatic plants are either actual 
or potential lime-precipitation agents. However this may be, certain 
of the aquatic flowering plants are much more conspicuous in this process 
than others, prominent among them being various species of Potamogeton 
whose leaves are, in many situations, almost constantly covered on the 
upper surface by substantial coatings of marl. Absence of such coating 
may be due to its removal by the wash of waves. Analyses of this mate- 
rial have shown that over 30 per cent is calcium carbonate with a small 
(juantity of magnesium carbonate. It has been claimed that this lime 
crust becomes thickest, when clear, calm weal her permits it to accumulate 
most rapidly, on those parts of the plant exposed to the strongest light. 
Leaves may develop and carry a weight of lime crust several times their 
own weights. The amount of calcium carbonate within the tissues of 
Potamogeton is relatively small . Cerat^^phyllum, M yriophyllum, A nacharis, 
Nymphaea, Vallisneria, and others function in lime deposition by either 
surface-crust formation or deposit within the plant tissues or by both. 

Lime Formation by Plankton. Plankters are responsible for the for- 
mation of calcium carbonate Avhich, on the death of the organisms, may 
be transferred to the bottom. While it has been shown that the plankton 
organisms may contain more than fifty times as much calcium as an equal 
amount of the water in Avhich they occur, it seems likely that in most lakes 
the plankton is of minor importance in the production of combined carbon 
dioxide. 
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Lime Formation by Higher Animals. Of the higher animals inhabiting 
inland waters, the mollusks constitute by far the most important lime 
formers. The calcium carbonate used in the construction of their shells 
ultimately finds its way, on the death of the animals, into the bottom, and, 
in shallow waters supporting large populations of mussels and snails, the 
contributions to bottom deposits may be considerable. Old marl beds 
commonly contain shells of mollusks, often in a surprising state of preser- 
vation, and without doubt their prevalence has often in the past been the 
source of the mistaken conclusion that they alone were responsible for the 
deposits. A few other groups of fresh-water animals, such as the larvae 
of the Stratiomyiidae (Diptera), the crayfishes, and others, deposit cal- 
cium carbonate in their exoskeletons and elsewhere, but the additions 
from these sources are virtually negligible, when compared with the other 
lime formers described in the preceding pages. 

Fatk of the Combined Carbon Dioxide and the Calcium 

From the foregoing discussion, it is evident that certain processes are 
going on in many lakes which automatically rob, temporarily or per- 
manently, the water of two of its exceedingly important substances, cal- 
cium (and to some extent, magnesium) and (jarbon dioxide. The 
removal of carbon dioxide from circulation in the form of the insoluble 
carbonate is temporary only if the carbonate deposit remains in direct 
contact with the overlying water and if periods of free carbon dioxide 
production make possible the conversion of the monocarbonate into the 
soluble bicarbonate, thus restoring it to circulation. This circulation is 
much more complete in the shallower waters in which water movements 
may redistribute the soluble bicarbonate; but in the profundal regions, 
the converted bicarbonate can become distributed only by very slow 
diffusion and by such small and often negligible water movements as 
occur in the hypolimnion, the result being that effective circulation must 
wait for the next overturn. 

Permanent removal of great quantities of calcium and of the bound 
carbon dioxide in the monocarbonates occurs when circumstances are 
such that the marl is so covered by other sediments that it is no longer in 
direct contact with the superimposed water.'. Various filling processes 
bury marl permanently. Vertical samples often reveal successive marl 
strata in the bottom of shoal waters. Similar methods of vertical explora- 
tion reveal buried marl beds in bogs and other basins which have under- 
gone rapid filling. Even conditions of ordinary mixing with other bottom 
materials may be sufficient virtually to eliminate contact of the deposited 
carbonate with the water. Inflowing streams which drain clay lands 
may in times of severe rains, spring thaws, and seasonal heavy precipita- 
tion, lay down over the lake bottom layers of more or less impervious 
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materials and in so doing bury any marl deposits which have formed since 
the previous, sudden silt deposit. Such constant inroads upon and 
removals of the calcium and the associated carbon dioxide, as well as the 
magnesium and its associated carbon dioxide, indicate clearly the neces- 
sity for a lake to have means of replacing these essential materials if it is 
to retain even its original productivity. The enormous beds of marl 
buried under the lands back from lake margins are mute witnesses of the 
extent to which ancient lakes robbed themselves of some of their own most 
precious materials. When this robbing process exceeds replacement, the 
lake begins to decline in productivity, even though other influences tend 
to increase the availability of other fundamental substances; and, in time, 
such a lake may become one of those poverty-stricken marl lakes in which 
the paucity of life is sometimes so conspicuous. 

Carbon Dioxide Tension 

While the carbon dioxide tension within natural waters and within the 
atmosphere constantly tends toward an equilibrium, circumstances pre- 
vailing in the water (slow diffusion, rapid production of carbon dioxide, 
insufficient agitation of the water) may be such that at some depths the 
carbon dioxide tension is greater than in the air. 

It has been found (Powers, 1941) that “when a fresh water or a calcium 
bicarbonate water is mixed with sea water there is an increase in the car- 
bon dioxide capacity of the mixed waters over the total of the capacities of 
the waters that go to make up the mixture.” Powers held that such mix- 
tures of fresh and sea water set up a carbon dioxide tension gradient which 
is the principal factor determining the migratory movements of salmon. 
Such results and others have led some investigators to believe that carbon 
dioxide tension performs a more import, ant role than has heretofore been 
supposed, a role thought to arise from the existence of simple carbon 
dioxide along with (iarbonic acid in the water. Little seems to be known 
concerning the specific influences of carbon dioxide tension. It has been 
suggested that possibly they are related in some way to permeability, 
since carbon dioxide is said to penetrate organisms easily. 

RELATIONS OF OTHER DISSOLVED GASES 

Methane 

No satisfactory statement can be made concerning the effect pr effects 
of methane on organisms. Limnologists have speculated on this matter, 
arriving at various conclusions. Some have claimed that it is nontoxic; 
others, that its effects on organisms are minor or that, at most, it may be 
occasionally toxic to animals or that it may cause them to migrate from 
particular situations. Possibly methane accumulations in bottom waters 
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may have something to do with the increasingly severe conditions which 
develop with the progress of stagnation periods. 

Hydrogen Sulfide 

Inherently, hydrogen sulfide is very poisonous. Certain marine fishes 
are said to be very sensitive to this gas and to avoid water containing it. 
It has been supposed that in many waters the quantities developed in the 
profundal regions are too small to be significant, but here, again, such a 
statement is largely speculative. It has also been supposed to have 
merely an indirect effect through dissolved oxygen absorption relations. 
Available evidence indicates that it may be very influential wherever the 
accumulations are large, a condition under which it is a major factor, if 
not the determining factor, in the complete elimination of all bottom 
animals. Beerman (1924) claims to have shown that hydrogen sulfide 
produces intracellular acidity in acid, neutral, or slightly alkaline media 
and that it penetrates living cells easily. If these findings are true for the 
conditions which exist in natural waters, it may be that its effe(;ts are more 
significant than has been thought, even in reduced amounts. 

Nitrogen 

Free nitrogen has usually been supposed to be the least important of the 
dissolved gases when it occurs in ordinary (luantities. Excess nitrogen 
is said to cause (jas disease in fishes. Unusual amounts may produce entry 
of the gas into the circulatory systems of aquatic animals, causing stop- 
page. Little is known concerning the minimal excesses required for effects 
on the organisms, and different investigators have not secured results that 
are in agreement. Definite information on thresholds of nitrogen effect 
is needed. In spite of the excesses known to exist in water, there seems to 
be little evidence that under the natural conditions fatal results occur. In 
explanation of this supposed fact, it has been assumed that perhaps the 
effect of excess nitrogen, when present, is slow, requiring several hours or 
even several days. 

Dissolved nitrogen has taken on a new interest with recent, positive 
evidence of nitrogen fixation by blue-green Algae belonging to various 
species of Nostocaceae. llie nitrogen-fixing system in these plants is 
physiologically similar to that in other organisms. It now seems almost 
certain that all plankters belonging to the Myxophyceae not only possess 
this significant ability but are thus able to flourish in situations, such as 
open water, where the nitrogen-fixing bacteria cannot grow. Nitrogen 
so fixed eventually passes into the general circulation, thus becoming 
available to other organisms unable to fix it for themselves. This subject 
has been reviewed recently by Fogg (1947). 
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Ammonia 

Scant information is available on the biological relations of gaseous 
ammonia as produced in natural waters. Indirectly, and in the form in 
which it occurs in certain chemical compounds to be mentioned later, it 
is concerned in the supply of the nitrogen so necessary for plant growth. 
Ellis et al, (194(5) state that the amount of ammonia and ammonium com- 
pounds (chiefly ammonium carbonate) in unmodified natural waters is 
very small, averaging less than 0.1 p.p.m.; that amounts exceeding 2.5 
p.p.m. are generally detrimental or lethal; and that quantities of more 
than 1.0 p.p.m. usually indicate organic pollution. They also point out 
that in spite of the general limit just stated various fishes such as carp, 
buffalo, and some of the sunfishes can tolerate 3.0 to 10.0 p.p.m. of 
ammonia. According to certain investigators, gas-works ammonia 
delivered into a stream not only becomes toxic to fishes but has one par- 
ticularly insidious characteristic; viz., fishes do not seem to recognize its 
presence when entering water containing it and often succumb without 
manifesting avoiding reactions. 

Carbon Monoxide 

In searching for an answer to the question as to whether carbon monox- 
ide has a poisonous action per se or the effect is in the nature of an inter- 
ference with the proper oxygenation of tissues, Macht (1927) found evi- 
dence of a per se influence, a conclusion contrary to the interpretation 
usually held. Nothing definite seems to be known concerning the thresh- 
olds of this effect in the various aquatic organisms. It has been thought 
that the quantities present in nature are too small to be significant — 
probably a faulty inference in the face of no adequate information. 

DISSOLVED SOLIDS 

Relations of Carbonates and Bicarbonates 

Roles of carbonates and bicarbonates have been discussed in connection 
with the consideration of carbon dioxide (page 190). 

Relations op Inorganic Nitrogen Compounds 

Ammonium salts, nitrites, and nitrates furnish a supply of nitrogen 
which is essential in the fundamental food relations of organisms. Ammo- 
nium salts (“ammonia nitrogen^' or “free ammonia^O constitute the first 
stage in mineralization of organic nitrogen. It is usually considered that 
nitrates supply nitrogen in more available form, although the other two 
compounds, particularly ammonium salts, are utilized to some extent. 
Claims have been made that while some plants seem to prefer nitrates, 
there are others which grow equally well with both nitrites and ammonium 
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salts; also, that some plants, especially when young, prefer ammonia 
(Allison, 1931). Variations in the quantities present in water are corre- 
lated with the growth seasons of plants and with the temperatures which 
control, to some extent, the rate of bacterial action. Ordinarily, nitrogen 
in its final oxidized form as nitrate does not occur in great amounts in 
natural, uncontaminated waters. As will be shown later (page 359), 
waters may become enriched or impoverished in nitrates and other essen- 
tial substances by (ihanges in the drainage areas due to processes accom- 
panying cultivation of the land. It seems likely that constancy of 
adequate supply of available nitrogen compounds is much more important 
than large amounts produced periodically. Studies on the ammonia and 
nitrate contents of certain Wisconsin lakes have shown that the Algae, 
water weeds, and nitrate-reducing bacteria are the important consumers 
of nitrogen content and that the nitrifying bacteria aid in increasing the 
nitrate content. 

Nitrogen is considered to be one of the most important limiting factors 
in the development of phytoplankton. It is one of the nutritive sub- 
stances necessary for the production of chlorophyll. Formation of 
chlorophyll ceases very quickly in the presence of nitrate deficiency 
(Rodhe, 1948). 

Certain toxic relations seem to exist. A dilute solution of nitrites is 
said to be injurious to some plants while beneficial to others, and solutions 
may be concentrated to the point of injury, the solutions of nitrite being 
more toxic than those of the same strength of nitrate. Ammonium salts 
in excess are reported as poisonous to fishes if present with carbonates. 
Whether these exigencies ever occur in unmodified lakes remains to be 
demonstrated. 

Relations op Silicon 

Since diatoms require silicon for the manufacture of their shells, and 
since they constitute a very prominent and strategic group in the plankton 
at large, the available supply of silicon in the water is regarded as a matter 
of real consequence. Large growths of diatoms draw heavily upon the 
silicon crop, producing variations in it in the upper waters. In fact, it is 
claimed that the production of diatoms is directly determined by the 
silicon supply. According to Conger (3941) the available evidence indi- 
cates that silica deposition by diatoms is a one-way process; that silica in 
the form of diatom shells is highly resistant to passage into solution in 
water; that diatom shells once formed are practically permanent in many 
waters; that only in certain bog and marsh deposits were highly corroded 
shells found, indicating dissolving action of some sort; and that acid bog 
waters with very low silica and slightly alkaline spring waters with high 
silica content ‘^exhibit the two extremes of richness in diatom productiv- 
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ity/' An opposing view is (Sverdrup et aZ., 1942) that silicon removed 
from sea water by diatoms and other organisms may return to solution 
after they die, or it may sink to the bottom ; that the high silicon content 
commonly found near the bottom is due to resolution of the settled 
silaceous shells; and that the occurrence of accumulated dissolved silicates 
in a thermocline is evidence of resolution of slowly settling shells. It 
appears that the silicon cycle in natural waters is still in a state of partial 
mystery. Supporting evidence for the resolution view appears in certain 
laboratory cultures (King and Davidson, 1933) in which complete resolu- 
tion of diatom shells occurred in about five months. The presence of an 
enzyme which hastens solution was suggested. 

Development and success of the fresh-water sponges depend upon an 
adequate supply of silicon for the manufacture of spicules. While experi- 
ments with higher plants seem to indicate the possibility of growth in the 
absence of silicon (or in the presence of the merest trace), there is evidence 
that they profit by its presence and also act as consumers. Indications 
are on record that the sili(jon content of water may be of importance to 
certain plankters other than diatoms, but this matter requires further 
investigation. 

It is still difficult to appraise silica as a possible limiting factor. Ocean- 
ographers tend to regard it as having no limiting effect in the sea. In 
inland waters, however, it varies greatly in different w^aters and may vary 
widely in the same water at different times or seasons. Reductions to 
depletion are recorded, but the limiting effect still seems to be obscure. 
The exceedingly scant occurrence of diatoms in certain bog lakes has 
sometimes been attributed to very low silicon content of the water. 
Studies have been made of the relation of silica content to the quantity of 
diatoms produced. Some marine investigators have found no evidence 
that silica ever limits diatom production in the ocean. In Lake Mendota, 
Wisconsin, a certain correlation between silica and diatoms has been 
detected by Meloche et al. (1938), but since 0.13 mg. per 1. was the mini- 
mum silica content it seems likely that silica was not a limiting factor. 
In Cultus Lake, British Columbia, Ricker (1937) found 6.0 mg. per 1. of 
silica, an amount about twenty-five times the quantity of silica present in 
the diatoms at the time of their greatest abundance. 

Some permanent loss of silicon is commonly to be expected, in average 
situations, owing to transportation by currents, to outlets, and to burial 
in bottom deposits. In the presence of such losses, a source of renewal is 
necessary if a body of water is to avoid silicon decline to a critical level. 


Relations op Phosphorus 

* During the past two decades much attention has been given to the 
phosphorus content of lakes and streams. Since the amount of soluble 
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phosphorus in natural, unmodified waters is small and since phytoplank- 
ton requires an adequate supply of phosphorus, it is now generally 
regarded as a limiting factor. Extensive studies based upon measure- 
ments in natural waters and upon laboratory experiments indicate clearly 
the vital importance of phosphorus. Nevertheless, inconsistent and dis- 
cordant results still stand in the way of a satisfactory understanding of 
phosphorus as a limiting factor. 

It is a well-known fact that in both marine and fresh waters there is a 
more or less definite periodicity in the quantity of plankton present; in 
some lakes at least, there are well-developed spring and also autumn 
maxima separated by summer and winter minima. Complete exhaustion 
of the phosphorus by these maxima has been claimed, thus limiting or 
even virtually eliminating the Algae. Phytoplankton, occupying the 
upper waters because of their light requirements, die and sink to the bot- 
tom, carrying away a certain amount of the phosphorus. Restoration 
of phosphorus to the upper waters might be brought about by inflow of 
waters rich in phosphate or by the return to circulation of the phosphorus 
contained in the dead phytoplankton or other phosphorus-containing 
materials, return of which would be facilitated by overturns or other forms 
of circulation. Juday and coworkers (1928, 1931) found that the waters 
of lakes in northeastern Wisconsin cont ain only a small amount of soluble 
phosphorus; that the amount of soluble phosphorus is not correlated with 
the amount of carbonate in solution ; that in those lakes supporting sizable 
crops of plankton no decrease occurs in the amount of soluble phosphorus, 
or at most a very slight one, during the summer; that there is no correla- 
tion between the quantity of centrifuge plaiikton and the quantity of 
organic phosphorus; and that no convincing evidence was found that solu- 
ble phosphorus is a limiting factor in the prodiudion of phytoplankton in 
the lakes studied. On the other hand, Wiebe (1931), reporting results 
from the Mississippi River, claims that the soluble phosphorus varies con- 
siderably; that the minimal values occurred simultaneously with a great 
increase in the phytoplankton; and that the evidence can he interpreted 
as supporting the contention that soluble phosphorus may at times 
become a limiting factor. 

Streams pick up and transport quantities of* nutrient materials. Riley 
(1937) states that the Mississippi River delivers into the Gulf of Mexico a 
quantity of phosphate per unit volume four times that in the Gulf water 
and that a zone of high phytoplankton production coincides with the area 
of increased phosphorus. 

During recent years a great mass of research data has accumulated. 
It is difficult to summarize and often not clear as to its complete meaning. 
It seems to indicate that the role of phosphorus as a limiting factor in the 
production of plankton Algae is diverse and complicated, Rodhe (1948) 
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has reviewed this subject in some detail. Significant correlations are said 
to have been found between the phosphorus content and chlorophyll con- 
tent in water. Seasonal variations of soluble phosphorus may be con- 
siderable and even involve periods of disappearance. It has been claimed 
that a constant ratio exists between the nitrate-nitrogen and the phos- 
phate-phosphorus content of water, but this statement, if true, holds only 
in a general way. 


The Nitrogen-Phosphorus Ratio 

Of recent years considerable attention has been given to the ratio of 
nitrogen to phosphorus. The relation of these two substances is better 
known for sea water than for fresh water, although the latter has received 
some study. The importance of this matter arises from the claim, which 
seems to have some supporting evidence, that the concentrations of the 
two substances closely parallel each other. In sea water it appears that 
the ratio tends to approach a constant value, with nitrogen exceeding con- 
siderably the phosphorus content, and that as claimed these substances 
occur in marine plankton in about the same proportions. Deviations 
from a fixed mean ratio are known to occur, both in special and general 
oceanic regions. Furthermore, the ratio in inland waters may be different 
not only in numerical value but also in the range of deviation from pro- 
posed mean. This matter is still in the pioneering stage, but is suggestive 
of basic limnological possibilities and deserves more investigation. 

The possible existence of other and somewhat more complicated ratios 
is now being studied, sucjh as the carbon-nitrogen-phosphorus ratio, or the 
oxygen-carbon nitrogen-phosphorus ratio. Work of this sort is too new 
to justify discussion here, but it may be that ratios of this kind, assuming 
that they exist in significant form, will lead to increasing insight into the 
complicated interrelations of essential substances and their relation to 
productivity. 

RELATIONS OF OTHER ELEMENTS 

The significance of several other chemical elements appears most promi- 
nently in their essential roles in the metabolism of the various groups of 
aquatic plants. In some cases, it is necessary to assume that the roles 
demonstrated for certain elements in land plants are similar if not identi- 
cal in the aquatic plants, since apparently the aquatic plants have not 
been investigated. 

The role of calcium has already been mentioned (page 191 ). According 
to Miller (1931), calcium is required by all green plants except some of the 
lower Algae; is not necessary for the fungi; and while necessary for the 
nonchlorophyll flowering plants, they usually contain less calcium than do 
the chlorophyll-bearing ones. It appears to have several physiological 
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roles, such as (1) relation to the proper translocation of the carbohydrates; 
(2) an integral component of plant tissue; (3) facilitating the availability 
of other ions; and (4) an antidoting agent reducing the toxic effects of 
single-salt solutions of sodium, potassium, and magnesium. 

Magnesium is a component of chlorophyll and must be present for its 
proper development. It appears to act as a carrier of phosphorus, at 
least in some instances. In the past, there has been an impression that 
quantities of magnesium larger than usual in natural waters may be toxic 
to some aquatic organisms. It has also been suggested that the appar- 
ently well-established fact that Cladocera are wholly absent from certain 
lakes (Lake Tanganyika, Lake Kivu) may be owing to the excess of mag- 
nesium over calcium salts. However, experimental work (Hutchinson, 
1932) seems to show that the magnesium content of Lake Tanganyika is 
less than that tolerated by Cladocera. It is also pointed out that 
Cladocera are known to occur regularly in lakes in which both the mag- 
nesium and the total electrolytes are greater than in Lake Tanganyika. 

Iron must be supplied for plant growth and development. It functions 
in the proper production of chlorophyll, although it does not enter into the 
chemical composition of chlorophyll. The precise method of functioning 
is not yet convincingly demonstrated. Some of the theories center about 
the possibility that it acts as a catalyzer; others, that iron is the oxygen- 
carrying substance in certain respiratory processes. Both the quantity 
and the form in which it is presented to the plant are now known to be 
important, these being conditioned by the features of the environment 
(hydrogen-ion concentration, organic matters, and others) and the kind of 
plant involved. Most Algae grow best when the water has a ferric oxide 
content of 0.2 to 2 mg. per 1., but distinct toxicity occurs when the avail- 
able iron exceeds 5 mg. However, many natural waters may contain 
more than 5 mg. of iron without being toxic owing to the buffer action of 
organic compounds or of calcium salts (Smith, 1933). Bog waters 
possessing high iron content have been reported from both America and 
Europe. The influence of such high contents is a matter of some doubt. 
It has been claimed that in some European bogs, high iron content limits 
the toxicity of bog water to macroplankton. Toxic oxidation products of 
pyrites are said to be formed in peat deposits. Two other relations of 
high iron content have received attention in limnological literature: (1) 
reduction of nitrates to nitrites by ferrous salts in the presence of oxygen 
and (2) reduction of dissolved oxygen in the presence of iron. 

Sodium, while apparently not absolutely necessary for plant growth and 
development, is evidently a very desirable element. According to Miller 
(1931), it may serve one or more of the following roles: (1) act as a con- 
server of potassium, since less is absorbed when sodium is present; (2) 
replace potassium to a limited extent as a plant-nutritive element; (3) 
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render soil-adsorbed potassium more available to plants; and (4) be an 
antidoting agent against certain toxic salts in the medium. 

Potassium is a fixed requirement for plants. As mentioned above, 
sodium may replace it to a certain extent but not completely. Its func- 
tion is imperfectly known, but it appears to be twofold: (1) a fundamental 
requirement in food manufacture and (2) a catalyst. 

Sulfur must be provided for plant growth and development. It forms 
a necessary material in the composition of protein and other constituents 
of the plant. 

Tkace Elements 

By trace elements is meant those chemical elements essential to the 
well-being of animals and plants but required only in extremely small 
quantities. Knowledge in this field is still in the pioneer stage. It seems 
clear that, in addition to the normal physiological role played by these 
elements in the favorable metabolism of animals and plants, pathological 
manifestations arise, at least in some instances, as the result of either 
dcficierccies or excesses. Many of the researches have been made on 
terrestrial organisms, and specific information concerning the aquatic 
biota is scanty. Possibly a reasonable assumption is that results obtained 
from terrestrial organisms are, to some extent, applicable to aquatic 
situations and organisms. The list of trace elements, known to function, 
or suspected of functioning, in a significant way in organisms, is a long one. 
For details the reader is referred to a digest of this subject by Stiles (1946). 
Prominent among these trace elements are copper, manganese, zinc, 
boron, lead, cobalt, and iodine. The very imperfect and uneven informa- 
tion as to occurrence, cycles, and roles of these elements in inland waters 
make impracticable a summary here, but enough is known to indicate 
that some of these substances are of real importance. Future research 
may show some of these elements to be vital and limiting factors. 

DISSOLVED ORGANIC MATTER 

The question of the amount and availability of dissolved organic mat- 
ters in natural waters has long engaged the interest of biologists and par- 
ticularly of physiologists, oceanographers, and the limnologists. Obvi- 
ously, it is of great fundamental importance to know what part is played 
in the aquatic complex by these substances. To what organisms, if any, 
are these dissolved organic substances directly available as food materials? 
In what chemical forms do these materials occur? Are there sufficient 
quantities of these matters in the water to replace or supplement other 
sources of essential substances? These are questions which deserve 
critical attention. 

It has long been assumed that many of the minute, more or less undiffer- 
entiated organisms, such as the bacteria, certain Algae, and certain 
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Protozoa, must depend upon the dissolved materials in their environment 
for the substances necessary to growth and development. At one time, 
the discovery that many microorganisms use particulate foods cast some 
doubt on the direct utilization of dissolved substances by many organisms. 
However, it has since been clearly demonstrated that bacteria, diatoms, 
most if not all other phytoplankton, and some of the Protozoa normally 
utilize and depend upon both the dissolved inorganic and the dissolved 
organic materials in their surroundings. It likewise seems probable that 
many other small organisms which lack a digestive tract or other pro- 
visions for introducing particulate foods will be discovered to depend upon 
these materials, wholly or in part. 

Much work and controversy have centered about attempts to settle 
the nature of the relations of dissolved organic matter in natural waters to 
the higher aquatic organisms. Like many other controversial matters, 
the provocative nature of the problems involved and the vigor of the con- 
tentions have led to the discovery of many interesting and important 
matters relating directly or indirectly to the main issues. 

In the earlier days of plankton investigations, plankton was conceived 
to be the producing class of the open ocean, i.e., the fundamental source 
of nutrient matters for the higher marine animals. Putter (1907, 1909; 
and others), in a series of papers, attempted to show (1) that the plankton 
in the ocean is entirely insufficient in amount t-o supply the necessary 
nourishment for those animals supposed to depend upon it, and (2) that an 
abundant supply of food is available in the dissolved organic matter in 
the water. In support of these proposals, Putter assembled an interesting 
series of data and arguments. From computations of the minimal carbon 
requirements of c.ertain marine animals for a given time unit and deter- 
minations of the plankton content of the surrounding water, he insisted 
that the amount of water strained by the animal to secure the minimal 
amount of carbon was impossibly large. In this way, he showed that a 
certain common marine sponge would need to filter 242 1. of sea water per 
hour (about four thousand times its own bulk) to secure the minimal 
amount of carbon from the plankton. However, calculations from the 
dissolved organic matter in the Bay of Naples, in which he found 65 to 92 
mg. of dissolved carbon per liter, enabled him -to (jontend that the neces- 
sary amount of water to supply carbon from the dissolved source could 
easily pass through the sponge in an hour. Similar evidences were 
secured from other animals. Vigorous opposition to Piitter^s conclusions 
arose at once and continued actively for some years. Opposing argu- 
ments stressed the following points: 

1. Failure to find in the sea the generous quantities of dissolved organic 
matter claimed by Putter. Other workers reported only about 6 mg. per 
1. or less in the open sea. 



INFLUENCE OF CHEMICAL CONDITIONS 


207 


2. The presence of much larger quantities of plankton in the sea than 
Putter reported. Variations of plankton with season and with locality 
may have accounted for some of the disharmony. 

3. Inaccuracy of Ptitter^s computations of food requirements and of 
his computations of necessary volumes of water strained to secure the 
required plankton. 

4. Food value of the demersion (sinking masses of dead plankton) 
which constitute an important source of food for animals everywhere 
in the sea. 

5. The insufficiency of both plankton and dissolved organic matter 
combined for the nutrition of swimming marine animals. 

Piitter, using the experimental method, claimed to have kept large 
marine animals, including fishes, for long periods of time in water free 
from obvious particulate matter, concluding therefrom that they must 
have lived on the dissolved organic matter; also, that fishes could obtain 
from one-half to two-thirds or more of their food requirements from the 
dissolved organic subsiancjes. 

Moore and his coworkers (1912) made some interesting and perhaps 
far-reaching contributions to this subject. Among other things, they 
repeated the aquarium experiments of Putter, using large marine animals 
such as lobsters, o(;topus, and fish. These animals were never fed ; oxygen 
consumption and carbon dioxide output were measured each day. At 
the end (^f several months, the experimental animals showed no serious 
injury and no loss of weight, a fact which looked superficially like the 
utilization of dissolved materials. However, examinations of their tissues 
showed replacement of the used-up organic matter by an equivalent 
amount of water; the proteins were greatly reduced, the loss being suffi- 
cient to account for the metabolic demands of the animals. Obvi- 
ously, such replacement cannot continue indefinitely. 

Later, Dakin and Dakin (1925), carrying on experiments on goldfish 
and certain other acjuatic vertebrates, likewise failed to support the find- 
ings of Putter, the experimental animals undergoing gradual starvation 
in water containing no solid foods. 

Moore and his associates (1920) claimed that the chlorophyll-bearing 
phytoplankton is not dependent upon nitrogen salts or upon carbon 
dioxide in water for either nitrogen or carbon but, instead, can utilize 
atmospheric nitrogen dissolved in the water (nitrogen fixation) ; that the 
nitrites, nitrates, and ammonium salts in the water may remain uncon- 
sumed; and that bi(;arbona< es of calcium and magnesium can be broken 
up, the half-bound carbon dioxide furnishing a carbon supply for the 
green phytoplankton. This reaction, they claimed, is of such magnitude 
that at the spring plankton maximum, assuming that it occurs to the 
same extent down to a depth of 100 m., the carbon so provided would be 
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sufficient for a phytoplankton crop of 10 tons or more per acre, wet weight. 
Thus, another objection to the original Putter hypothesis was offered, 
since Putter assumed the ammonia, nitrites, and nitrates to be the source 
of the nitrogen, and the dissolved organic carbon the source of the carbon. 
Mention is made elsewhere (page 198) of the now increasing certainty as 
to nitrogen fixation by the chlorophyll-bearing phytoplankton, and the 
detachment of the half-bound carbon dioxide by green plants is well 
established (page 99). Moore insisted that the dissolved carbon in sea 
water is such an exceedingly minute quantity that it lies at the limit of 
detectability by the best known methods. 

Birge and Juday (1926, 1927) undertook some very significant studies 
of the dissolved organic matter in the Wisconsin lakes, the principal find- 
ings being as follows: 

1 . Lake water contains much more organic matter than does the water 
of the open sea. 

2. The quantity of inorganic salts in lake water is far smaller than in the 
sea. 

3. In lake water, there is a large standing crop of organic matter other 
than that contained in the plankton, viz., the dissolvetl organic matter; 
it is ordinarily several times, often many times, greater than that in the 
plankton. 

4. Such indispensable amino acids as tryptophane, cystine, tyrosine, 
histidine, and arginine occur in the lakes studied, and they seem as well 
suited for food as is the organic matter of the plankton. 

5. .In the plankton of Lake Mendota, Wisconsin, the dry organic matter 
of the two main groups of eaters (Crustacea and rotifers) is about one- 
third that of the organic matter of the entire net plankton. The average 
net plankton is slightly more than one-sixth of the total plankton. There- 
fore, in the total parti(;ulate matter removed from the water by the centri- 
fuge, there is fifteen to twenty times as much organic matter as exists in 
the Crustacea and the rotifers. 

6. The dissolved organic matter in lake water, judging from its quan- 
tity and its chemical composition, constitutes a potential food supply 
several times greater than that contained in the plankton. 

These results virtually reopened the question of the role of dissolved 
organic matter in the food supply by removing, in so far as fresh water is 
concerned, certain objections offered against the Putter hypothesis as 
applied to sea water. 

Since 1924, results of a large number of investigations have been 
published (Chomkovic, 1926; Krizenecky and Podhradsky, 1924; 
Krizenecky and Petrov, 1927; Esaki, 1926; Roller, 1930; Kostomarov, 
1928; Nakajima, 1927; Rauson, 1926-1927; and others), many in the 
nature of experiments to test the availability and the actual utilization of 
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dissolved organic matters by various animals. Many of these workers 
claim positive results. Not only have certain animals been kept for long 
periods of time in water containing dissolved matters only, but also it is 
claimed that tadpoles have undergone normal metamorphosis in this 
kind of medium. Other evidences are presented to prove direct utiliza- 
tion by absorption. Criticism of some of the earlier works has been 
offered on the ground of failure to exclude the very fine particulate mat- 
ters, such as the bacteria, but later workers have tried to protect their 
experiments against this objection. The accumulated body of positive 
results by different workers now seems to require some attention. 

In addition, investigations on plankton production (Gaarder and Gran, 
1927; and others) and on growth and development of mosquito larvae 
(Matheson and Ilinman, 1931 ; Hinman, 1932; and others) seem to supply 
additional evidence of the direct utilization of dissolved organic sub- 
stances. Krogh and Lange (1931) performed a series of critical experi- 
ments bearing directly upon certain vital aspects of this whole matter, 
and Krogh (1931) reviewed the whole subject rather exhaustively. The 
following statements taken from Krogh^s summary combine his appraisal 
of the present status of this controversy with the salient results of his 
own investigations: 

1 . Organic detritus and living organisms in water usually provide food 
in necessary quantity for the aquatic animals present. Certain Protozoa 
and possibly sponges may absorb dissolved substances from the water. 
That a few animals live mainly upon dissolved substances cannot be 
denied. 

2. The rather large quantities (10 mg. per 1. or more) of dissolved 
organic matter in fresh water include proteins in colloidal solution and 
several amino acids greatly diluted. C^arbohydrates present do not 
appear to be in readily assimilable form. 

3. Dissolved organic matter seems to be principally waste products, 
some of which are very resistant to bacterial action. 

4. Very little of the organic matter produced by living Algae is given 
off to the water; 90 to 95 per cent of it is stored in the organisms. 

5. It is possible that higher animals absorb insignificant quantities of 
the dissolved substances. 

fi. Experimental evidence is now available which indicates that tad- 
poles, mussels, and probably other animals may take up dissolved organic 
matter from rather concentrated solutions and are thus enabled tp thrive 
and grow, at least for a considerable period of time, in the absence of 
particulate food. 

7. Experiments of certain investigators show that absorption of dis- 
solved organic matter by tadpoles, mussels, and starfish occurs through 
the intestine and not through gills or integument. The integument and 
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gills of aquatic animals seem to be, for the most part, impermeable to 
organic substances. 

Adolph (1925) reported penetration of the integument of certain 
annelids by dissolved substances, although the entrance was faster in 
marine animals than in fresh-water ones. He also found that the body 
fluids of fresh-water animals have a lower osmotic pressure than do these 
of marine animals. Krogh regards the reports of unidirectional per- 
meability of the skin of fishes and Amphibia as based upon artifacts. 
Bond (1933) concluded that, in general, marine invertebrates are per- 
meable to water, salts, and organic solutes but that teleosts and fresh- 
water invertebrates have very slight permeability. Gellis and Clarke 
(1935) found evidence that in Daphnia magna organic substances in true 
solution were not used for food, but organic matter in colloidal form was 
utilized. 

Many of the problems involved in the direct utilization of dissolved 
organic matter await solution. Future research must decide the extent 
to which the various fresh-water organisms utilize the potential food store 
now known to exist in dissolved form. That there is some absorption of 
substances from the water by the smaller, soft-bodied forms seems estab- 
lished. Possibly, forms as high as the fishes may absorb a slight amount 
of dissolved substance, but the securing of a large proportion of their 
nutriment in this way, as has been postulated, appears very doubtful. 
Nevertheless, if some of these claims, which still seem startling, should 
become established facts, the present conception of the fundamental 
sources of food supply in water will require far-reaching alteration. 

HYDROGEN-ION CONCENTRATION 

During the past three decades, innumerable papers have been published 
dealing with the hydrogen-ion concentration of natural waters and its 
possible significance. The same is true in the fields of physiology, 
bacteriology, medicine, agricailture, and otlu^rs. In spite of this accumu- 
lation of data, much remains to be done before the role of hydrogen-ion 
concentration is well understood. The variety of conditions determining 
hydrogen-ion concentration, the complexity and dynamics of the environ- 
ment in which it may be acting, and the complexity of living substance 
upon which it acts produce a situation bristling with difficulties for the 
investigator. Nevertheless, it is known to possess a significance of suffi- 
cient importance to require attention. 

Inflttenck upon Protoplasm 

That hydrogen-ion concentration has a relation to living matter seems 
established, but its exact nature is little understood. Possibly, the effect 
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may differ with the tissue and with other conditions; certainly, it seems 
to be true that different organisms respond differently to various amounts 
of ionized hydrogen in the medium. The effects of a dilute solution of a 
strong acid (e.g., hydrochloric acid) on animal tissue as contrasted with 
those of weaker acids (e.g., acetic or boric) of the same dilution, such as 
about 3 per cent, have been sometimes used to illustrate the general 
difference in the effect on tissue based upon differences in degrees of ion- 
ization, but aside from the fact that a 3 per cent solution of hydrogen 
chlorine will produce a ‘'burn'' while a 3 per cent solution of acetic acid 
(*,an be taken in connection with foods and a 3 per cent solution of boric 
acid may produce no sensation on a very sensitive tissue, the example 
explains nothing as to what happens in the protoplasm. Various sug- 
gestions occur in the literature; as for example, it is thought that pH may 
have some effect through changing the ability of cells to absorb and utilize 
oxygen and to give off carbon dioxide; or that it- may work through some 
modification of the permeability of the cell membranes. 

Organisms and tissues respond differently to conditions of neutrality, 
acidity, or alkalinity. In former years, the statement was current that 
protoplasm must necessarily maintain an essential neutrality, but there is 
now grave doubt as to the ac(;uracy of such a statement; in fact, it has 
been claimed that active protoplasm is actually acid in reaction. Internal 
body fluids of animals arc known to differ markedly in their reactions; 
some are distinctly alkaline, some are near neutrality, and others are acid 
in reaction. Also, it is now known that, in certain animals at least, the 
reaction of the body fluid may differ in pH at different times or under 
different physiological states. In plants, pH is known to have a con- 
ditioning influence upon certain enzymes, giowth relations, and the per- 
formance of some functions. 

Probably the greatest difficulty involved in determining the effects of 
pH upon aquatic organisms is to discover to what extent the effects of an 
acid are due (1) to its ionized hydrogen, (2) to the negative ions, and (3) 
to the undissociated molecules. 

General Limnological Influence of Hydrogen-ion Concentration 

At one period during the past thirty years, the significance of pH was 
greatly overemphasized by enthusiastic exponents of the idea that it 
might be the key to the whole ecological situation; that it might be a 
supreme, controlling factor in determining the presence and distribution 
of aquatic organisms. This conception met the fate which it deserved, 
since there is no evidence that in the complex of operative factors in an 
environment any single factor has complete control. Therefore, of late 
years, pH has fallen from the somewhat exalted position which it once 
appeared to occupy, although it is still regarded as playing certain roles 



212 


LIMNOLOGY 


sufficiently significant to necessitate continued study. There are two 
general ways of regarding the limnological value of pH, viz., (1) as a 
limiting factor and (2) as an index of a general environmental condition. 

Hydrogen-ion Concentration as a Limiting Factor. Each organism has 
its toleration range of pH terminated by a maximum and a minimum 
and possesses an optimum at some intermediate position. This is in 
accordance with the usual type of reaction to stimuli in general. In 
addition to these critical points, it has been found that in many plants 
there is between the extreme limits of acidity and alkalinity a third region 
where the reaction affects the plant in an injurious way, so that, when the 
growth is plotted, the curve shows two maxima and three minima. The 
total result is three regions of reduced growth and two of maximum 
growth. How widespread this reaction among plants may be is yet 
uncertain, and little seems to be known concerning the existence of such a 
phenomenon among animals. It has been found in the ciliates Colpidium 
and Glaucoma, Knowledge concerning the limiting effects of pH is in a 
very unsatisfactory state. In the sense that every species has somewhere 
its extremes of toleration of acidity and alkalinity, pH can be regarded as 
limiting the occurrence of organisms, but not infrequently the extremes 
are so far apart that in nature some other factor or factors may have an 
eliminating influence before either extreme is reached. The literature 
contains numerous positive contentions that pH is an important limiting 
factor for certain organisms. Some! imes, tlie evidence is conflicting for 
the same species. Other workers regard pH as of at least secondary 
importance, and certain investigators have (jlaimed for some organisms 
no correlations of any sort with the pH range as it occurs in natural, 
unmodified waters. As nearly as can be determined at the present time, 
it appears that the t rue role of hydrogen-ion concentration lies somewhere 
between these contrasting views. It would appear that hydrogen-ion 
concentration is so valuable an influence in aquatic life that it must not be 
ignored, but it is not clear that it occupies any supreme position as an 
over-all limiting factor. 

Hydrogen-ion Concentration as an Index of Environmental Condition. 

In addition to the possible direct action of pH as a factor, it may also 
serve as an index of certain existing conditions in water. For example, 
the proper determination of pH may, in addition to giving a measure of 
the concentration of the ionized hydrogen, yield indirect information on 
(1) the free carbon dioxide content, (2) alkalinity, (3) dissolved oxygen 
content, (4) reserve pH, (5) the dissolved solids content, and probably 
others. In this respect, it may serve as a test of several environmental 
conditions. While it has been claimed that carbon dioxide tension is a 
better index of environmental conditions than pH, the latter is still 
regarded as of value in this respect. 
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Hydrogen-ion Concentration Ranges 

The literature swarms with records which purport to establish the pH 
ranges for various organisms. Many of these records are based upon 
faulty methods or faulty assumptions and are of no value. Many of them 
depended upon the use of specimens from limited parts of the geographic 
range of the species, the use of specimens of doubtful identification, or 
the use of different life-history levels of the same species. These and 
other similar defects make many records of doubtful value. Far too 
many field records merely present pH values of waters in which certain 
organisms are distributed, with little consideration for or, in some 
instances, complete disregard of the other environmental factors operat- 
ing simultaneously and possibly exerting a greater local effect than 
pH. The most usable data are those worked out in the laboratory under 
controlled conditions and those done in nature which are accompanied 
by qualitative and quantitative information on other environmental 
features. 

There is some evidence that the different species of a taxonomic group 
may each have an individual pll range. This seems to be better estab- 
lished for the fishes, since they have been favorite materials for study. 
Likewise, in species of wide geographic range, both the toleration and the 
voluntary-selection limits may be different in different parts of the range. 
F'urthermore, it has been shown that acclimatization effects may be mani- 
fested not only in individuals from widely separated parts of the geo- 
graphic range but also in the instances of individuals of the same spe(?ies 
which occupy waters closely adjacent but widely different in pH. In so 
far as natural fresh waters are concerned, the pII range of any species 
usually cannot be dependably determined from the values of waters in a 
restricted region unless those waters happen to show a diversity far 
greater than is usually the case. 

Responses to Differences of Hydrogen-ion Concentration. According 
to published records, animals differ Avidely with respect to a recognition of 
and responses to differences in pH. Shelford (1923) found that fishes, 
with a few exceptions, react definitely to differences of pH, and this con- 
clusion has been confirmed, to some extent, by others. On the other 
hand, some of the lower, aquatic animals are said to show no reaction to 
hydrogen ions. How many of the negative records are due to faulty 
experimentation remains to be determined. ^ 

I^rown and Jewell (1926) found that in a gradient tank supplied with 
water from an acid lake (pH 6.4) at one end and with water from a basic 
lake (pH 8.6) at the other, fishes common to both lakes selected the water 
with the reaction to which they were accustomed, owing, probably, to the 
effect of acclimatization. Experiments with fishes from other sources 
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confirmed -the selection of water with pH to which they were ordinarily 
accustomed. From these findings, they concluded that 

. . . while it is improbable that pH, as such, plays any important role in the 
distribution of most species of fresh-water fish, since fish are found in practically 
the whole pH range ordinarily encountered in natural waters, still the question 
as to whether or not the fact that fish do tend to avoid a change from the pH to 
which they are accustomed would tend to limit or retard migration into new 
areas and confine them to their native waters, as suggested by Shelford and 
Powers (1915) for marine fishes, merits further study. 

Range of Possible Toleration. Survival experiments (Brown and 
Jewell, 1920) have shown that fishes of several species can be transplanted 
from natural waters of pH 8.4 to 8.0 to natural waters of pH 4.4, as well 
as in the reverse order, and survive the transfer for 40 or more days, indi- 
cating that ‘‘it is not nec^essary to assume that fishes found in these 
extreme hydrogen-ion concentrations have gradually developed a resist- 
ance or are physiologically different from the fishes of the same species 
from ordinary waters.” Fresh- water mussels, absent from the more acid 
waters in nature, survived a transplanlation to water of pH 4.4 for 46 
days, the only observable effect being slight corrosion of the shell. 
Wiebe (1931) found that certain fishes, under experimental conditions, 
tolerated rapid and extensive changes of pH in the surrounding water. 

In some situations, an important relation exists between the hydrogen- 
ion concentration and the dissolved oxygen content. This relation is an 
inverse sort, the hydrogen-ion concentration varying, in a rough way, 
inversely with the dissolved oxygen in water having a stable alkalinity. 
Survival experiments have demonstrated iiK^reasingly injurious effects 
on organisms of low dissolved oxygen in the presence of iruaeasing hydro- 
gen-ion concentration. In fact, there is reason for believing that the 
unfavorable effects sometimes attributed to low dissolved oxygen may be 
due to an accompanying high hydrogen-ion concentration. 

ALKALI RESERVE 

The normal alkalinity of w^ater or oi an internal body fluid is main- 
tained by the dissolved salts and other substances, these substances being 
designated collectively as the alkali reserve. It has been shown that in 
human beings, the mechanism of the blood which prevents acidosis is the 
alkali reserve of the blood. Since fishes and possibly some other organ- 
isms are able to survive in w^aters in which the pH varies greatly, the 
mechanism enabling them to adjust themselves to such differences in 
surroundings has been sought by some investigators in the alkali reserve 
of the blood. The reserve pH (RpH) (the pH of a sample after thorough 
aeration) is known to be a good index of the alkali reserve and therefore 
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figures prominently in the determinations. Results thus far have been 
conflicting. Powers (1922) found that certain nonmigratory marine 
fishes possess the ability to change the alkali reserve of their blood so as to 
adjust themselves to the variations in the carbon dioxide tension, to the 
oxygen tension of the sea water, or to both; and Powers and Logan (1925) 
concluded that the adjusting mechanism in the blood of a certain marine 
fish to meet changes in the environmental constitution may be of two 
types: (1) a mechanism for rapid compensation enabling the fish to make 
marked changes of the alkali reserve in a short time and (2) a slower and 
more permanent alteration of the blood, referred to as acclimatization. 
Opposed to these results, Jobes and Jewell (1927), working with fresh- 
water fishes from waters of widely different chemical characters, found 
(1) that the alkali reserve of the blood of these fish varied within wide 
limits (RpH 6.9 to 8.1); (2) that there was no correlation of the RpH of 
the fish blood with the pll of the water; and (3) that the theory that the 
alkali reserve of fish blood varies with the carbon dioxide tension of the 
surrounding water is not yet warranted. 

ANTAGONISM AND BALANCED ENVIRONMENTAL CONDITIONS 

In the preceding pages, attention has been given to the important sub- 
stances and groups of substances which compose the chemical features of 
the aquatic environment. That these diverse substances combine to 
assist in forming a suitable medium for aquatic life is evidenced by the 
fact that organisms inhabit the various natural waters. It cannot be too 
strongly emphasized that the form of the combination of materials is of 
prime importance. Many of the individual chemical constituents of the 
medium, while absolutely necessary, are toxic to the very organisms which 
use them when they alone constitute the only solute. It is often pointed 
out that marine organisms live successfully in sea water which is in part 
a mixture of salt solutions, but a solution of any one of these salts alone 
would kill these same organisms in a relatively short time. Many salts 
possess a counteracting influence or an antidoting effect upon the toxicity 
of other salts, thus rendering them nontoxic. This hindering effect which 
one salt may have on the toxicity of another is known as antagonism. 
The exact nature of antagonism is little understood; it seems to be con- 
cerned with permeability changes in the protoplasm. Its role in the 
production of environments as they exist in the natural waters is pro- 
foundly important. A certain fundamental balance must not only be 
established but also maintained between the various chemical components. 
Maintenance requires that in the complex set of chemical changes which 
go on constantly in natural waters, enough of the various substances, act- 
ing and counteracting, must be supplied to continue the essentially favor- 
able medium. An excess of a salt over its counteracting one leads to the 
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development of toxicity. Single-salt toxicity varies with the salt and 
with certain other surrounding conditions. That temporarily unbalanced 
conditions may occur in nature seems likely, and it may be that occasional, 
large quantities of some substance in water constitute an excess which, for 
the time, exerts some unfortunate effect upon one or more organisms. It 
is also certain, however, that such circumstances are much more likely in 
polluted waters than in the unmodified, natural waters. 

It is known that some, possibly many, aquatic animals react to the 
presence of excess, toxic substances. Under experimental conditions, 
it appears that the reaction is negative (avoiding) in some species, positive 
in others, and absent in still others. Those manifesting the avoiding 
reactions may be able to escape the unfavorable conditions. 

OTHER ESSENTIAL OR ACCESSORY GROWTH FACTORS 

Various indications suggest the existence of certain other essential, or, 
if not essential, very desirable, substances or conditions in the normal 
aquatic environment. Such indications usually arise in connection with 
attempts to synthesize natural waters. As an example of these unknown 
conditions may be cited the experience of one investigator, who on trying 
to maintain certain marine microscopic organisms in the most carefully 
made synthetic sea water found that the culture was only very indiffer- 
ently successful but that the addition to this culture of a small amount of 
the natural sea water or extracts of a certain marine Alga converted the 
culture into a very successful one. Other experiments have yielded 
similar results with various organisms. There seems to be evidence that 
some of these substances are complemental to others, i.e., neither per- 
forms adequately in the absence of the other. At present, little beyond 
speculation is possible concerning the nature of these unknowns. It is 
possible that they are not always required since some investigators report 
good growths of certain marine diatoms in artificial sea water. The 
existence of similar essential or stimulating agents in inland waters is at 
least very probable. 

Vitamins. ISxtensive studies of animal nutrition, especially among 
terrestrial vertebrates, have yielded a substantial body of information 
concerning those accessory organic substancjcs known as vitamins. For 
aquatic organisms information is scanty, fragmentary, and very incom- 
plete. It appears that vitamin requirements are somewhat better known 
in fishes. Phillips and Brockway (1948) list four vitamins which are 
essential for trout and six others which may be needed. For aquatic 
invertebrates much less is known. According to Hutchinson (1943) they 
are rich in thiamin. Hutchinson (1943) and Hutchinson and Setlow 
(1946) found thiamin^ niadriy and biotin present in solution in lake water 
and also in seston suspended in the same water. These substances 
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showed a rather wide variation. McLaren et al. (1947) studied experi- 
mentally the vitamin requirements of the rainbow trout. By the use of a 
})urified diet, they determined the optimum levels of 11 vitamins and 
recorded observations on the relation of vitamins to specific disease 
symptoms. Phillips and Rodgers (1949) presented evidence that trout 
(brook, brown, and rainbow) require at least 175.2 micrograms of folic 
acid per kilogram of trout weight per day. Certain vitamins are impor- 
tant growth factors for various bacteria, also for higher aquatic plants. 
It is probable that all aquatic organisms are somehow involved in, or 
related to, the complex of vitamin influence. 

OXIDATION-REDUCTION POTENTIALS 

A young but growing interest is now evident in the measurement of 
oxidation-reduction (redox) potentials in inland waters and bottom muds 
as a possible means of studying the dynamics of these environments. 
Natural waters and bottom muds contain complexes of substances which 
are in a state of chemical instability and in the process of undergoing reac- 
tions. The term oxidation as used in this connection includes those reac- 
tions which involve not only the addition of oxygen but also the loss of 
hydrogen or the loss of electrons. Reduction is essentially the opposite of 
oxidation. Thus there is electron transfer in oxidation-reduction reac- 
tions. A single substance can lose electrons, or it can receive them, 
depending upon the chemical circumstances at the moment. In natural 
water or bottom mud various, sometimes many, oxidation-reduction 
“systems’’ are involved. Since electron transfer is accompanied by 
measurable changes in potential, it is possible to make quantitative 
investigations of oxidation-reduction reactions. The oxidation-reduction 
potential is a direct index of the ability of one “system” to oxidize 
another. 

An oxidation-reduction system must be viewed in two different ways: 
(1) intensity^ which is measured by the potential, and (2) capacity^ or the 
buffering of the system, which refers to the ability to oxidize or reduce 
without changing the potential. 

Measurements of oxidation-reduction potential are now usually made 
electrometrically. Some use has been made of colorimetric indicators, 
but while not without value they are less exact. The development of 
electrometric equipment for measuring oxidation-reduction potentials 
in situ ill lake waters (Allgeier et aL, 1941) is an important step ip advance. 

Oxidation-reduction potentials are related in one way or other to pH, 
dissolved oxygen, ferrous iron, hydrogen sulfide, and perhaps other 
substances, but the nature of the relationships is as yet little known. 
Hutchinson et al (1939) found evidence that redox potentials may be of 
importance in determining lake typology. Allgeier et aL (1941) reported 
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that in the oligotrophic lakes which they studied there was either no 
decrease in redox potential, or else only a small one, in the lower water, 
but that in the eutrophic and dystrophic lakes the decrease, in the lower 
water, was much greater. 

With regard to the relation of redox potentials to the distribution of 
organisms, knowledge is largely in the threshold stage. Dependable 
information appears to be mostly in the field of bacteria and certain other 
microorganisms. For example, it is said that only anaerobic forms can 
occur in mud and water which lack dissolved oxygen and have low poten- 
tial, whereas aerobic bacteria flourish where the potential is relatively 
high. It has been claimed (Hutchinson et al.^ 1939) that the distribution 
of certain characteristic bottom-dwelling insect larvae (Chironomidae) is 
in close correspondence with redox potential values in the lake studied. 

Much work must be dtme before dependable conclusions can be drawn 
concerning the value of redox potentials as an index of environmental 
dynamics in aquatic situations. Evidence now available seems to encour- 
age the hope that here is another profitable means of studying limnological 
processes. 
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ORGANISMS IN INLAND WATERS 

Unmodified inland waters of virtually every form, composition, alti- 
tude, and latitude arc populated with organisms, both plant and animal. 
The composition of the biota differs greatly with differences in the various 
waters. Considered in general, the taxonomic diversity of animals and 
plants inhabiting inland waters is truly remarkable. With but a very 
few exceptions, all of the major groups of plants and animals are repre- 
.sented, often by a great array of species. An extended consideration of 
this biota is beyond the province of this book. Ward and Whipple’s 
“Fresh-water Biology” and other similar works present taxonomic details 
of the fresh-water organisms. The following abbreviated outline will 
suffice for present purposes. Certain rare groups are omitted. 

GROUPS OF ORGANISMS REPRESENTED IN AMERICAN INLAND WATERS 

1. I’liANTB 

A. Alg<i€^ 

Chlorophyceac- "the grass-green Algae. Largest group of fre8h-wat(‘r Algae; repre- 
sentatives in nearly all kinds of aquatic situations. 

('Jliarophyccae -the stoneworts. Small group; mostly fresh water. 
Luglenophyoeae-'"(;ommon in fresh water, sometimes very abundant. 

Cryptophyccae — small group; mostly in fresh water. 

Dinophyceac — primarily a marine group; rt»prescntatives of a few genera in fresh 
water; widely distributed; sometimes common locally. 

.Vanthophyceac — primarily a fresh-water group. 

("hrysophyccae — common, (^spccially in plankton; widely distributed. 
Bacillariophyceae — the diatoms; very common and widely distributed. 

Myxopliyceae (Cyanophyccae) -the blu«?-grcen Algae. Very common and widely 
distributed. 

llhodophyccae— thci red Algae. A few scattering representatives in fresh water. 

B. Fungi 

Schizomycctes — the bacteria. Many genera and sp(*cies. 

Phycomycetes- -Algae-like fungi. Common in fresh water. ^ 

C. Brgophyta 

Hepaticae — the liverworts. A few aquatic species. 

Musci — The mosses. Several truly aquatic species. 

^ Classification as given by Smith (1938). 
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Lycopodiales — club mosses. 
l80j^.taceae — the quillworts. 
species. 


D. Pieridophyta 

A single genus, Isoetes, includes several fresh-water 
E, Spermatophyta 


Only the more important aquatic groups arc listed below. Certain small and 
relatively insignificant ones are omitted. 


Angiosperinae. 

Monocotyledoncae. 

Typhaceae — the cat-tails. Mostly aquatic. 

Sparganiaccae — the burweeds. Essentially aquatic. 

Naiadaccae- -the pondweeds. Preeminently aquatic. 

Alismaceae- -the water plantains. Marsh plants. 

Hydrochar itaceae — the frog’s-bit group. All aquatic. 

Poaceae — the grasses. A few aquatic species. 

Cyperaceae — the sedges. In part aquatic. 

Araceae — the arum group. Certain aquatic species. 

I^mnaceae — ^the duckwe^eds. All aquatic. 

Eriocaulaccae — the pipeworts. Aquatic and marsh species. 
Pontederiaceae — ^thc pickerel weeds. All aquatic. 

Dicotyledon eac. 

Polygonaceae — the smartweeds and others. A very few aquatic spc^cies. 
Ceratophyllaccae--the horn worts. All aquatic. 

Nymphaeaccae — the water lilies. All aquatic. 

Ranunculaceac — the crowfool group. A few aquatic species. 
Brassicacoac — the mustard group. A few aquatic! species. 
Callitrichaceae -the water starworts. Chiefly aquatic. 

Lythraceac — the loosestrifes. In part aquatic. 

Haloragidaceae — the water milfoils. In part aquatic. 

Lentibulariaceae -the bladderworts. Mostly acpiatic. 


II. Animals 

Protozoa— all classes and most orders represented. 

Porifera- confined to Demospongiac and to the order Monaxonida. 

Coelcnterata — hydra; also a few other Hydrozoa. 

Platyhelminthes — many r(!prcscntatives in all classes. 

Neinertea — only a few species in inland waters. 

Acanthoccphala — parasites in various hosts. 

Rotatoria — almost entirely a fresh-water group. 

Gastrotricha — exclusively in fresh water. 

Nematoinorpha — several species; adults free living in fresh water; immature stages 
parasitic. 

Nematoidea — many species. 

Tardigrada — ^a few species. 

Bryozoa — several Ectoprocta and a very few Endoprocta. 

Linguatula — a very few species in fresh-water hosts. 

Annelida — many Oligochaeta; Polychaeta rare; Hirudinea almost wholly confined to 
fresh water. 
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Arthropoda — a few spiders; many mites; Crustacea generously represented in all 
major groups except Cirripedia; Insecta with many species aquatic in some 
' stage of life history. 

Mollusca — many species of Gastropoda and Pelecypoda. 

Chordata — Cyclostomata, represented by the lampreys; Pisces, many species; 
Amphibia, many species aquatic in some life-history stage; Reptilia, certain 
groups have aquatic habits; Aves, many birds frequent water more or less inti- 
mately ; Mammalia, certain species have aquatic habits and adaptations. 

CLASSIFICATIONS OF ORGANISMS IN WATER 

The literature contains a variety of classifications or groupings of the 
organisms which inhabit water. Such classifications usually apply to 
both fresh and marine waters and, in addition, sometimes include debris 
and the remains resulting from once living organisms. Certain workers 
have proposed very extended, detailed classifications of aquatic organ- 
isms, some of which involve artificial criteria and detailed analyses to such 
an extent that their value may well be in doubt. Such classifications as 
are included here have gained at least partial acceptance in limnological 
circles. 

According to a time-honored classification, aquatic plants and animals 
are divided into three groups: 

1. Plankton — organisms of relatively small size, mostly microscopic, which have 

either relatively small powers of locomotion or else none at all and which 
drift in the water subject to the action of waves, currents, and other forms of 
water motion. 

2. Nekton — organisms of larger size which swim freely and determine independ- 

ently, to greater or less extent, their distribution in space regardless of the 
movements of the surrounding water. 

3. Benthos—- organisms which live in or on the bottom of the basin. 

Seston. The term seston came into use of recent years. It designates 
that whole heterogeneous mixture of living and nonliving bodies which 
float or swim in water. The present conception of seston is indicated in 
the following outline: 

Heston 

I. Bioscston — ^living components of the seston. 

A. Plankton — defined above. 

B. Neuston — organisms which are related to the surface film of water, either (1) 
by hanging from or floating against the lower side (infraneuston) (bacteria, 
Protozoa, Algae, hydra, certain Entomostraca, certain insect 'larvae, and 
others) or (2) by ranging upon the surface film (supraneuston) (Gerridae, 
Veliidae, Hydrometridae, Gyrinidae, certain Collembola, and others). 

C. Pleuston — ^higher plants which float either upon the surface or within the 
water. 

Nekton — defined above. 
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II. Abioseston (Tripton) -Nonliving compcnts of the seston. 

L Autoclitlioiions dotritus-detritus produced locally. 

1. Plaiikkiii-produced detritus. 

2. Neuston-produced detritus. 

3. Fleustoii-prodiiced detritus. 

4. Nekton-produced detritus. 

5. Benthos-produced detritus. 

B, Allochthonous detritus-detritus originating outside a given locality, 

littoral-limnetic-bentliic Organisms. Another grouping of theaquatic 
biota of long standing is the following; 

1. Littoral-organisms inhabiting regions iniincdiatcly adjacent to the shore. 

2. Limnetic, or pelagic-organisms inhabiting the open waters. 

a. Tnie limnetic-organisms characteristic of and thriving in open waters only. 

b, Facultative liniiictic-orgaiiisras which, in one or more life-history stages, may 

occupy the open waters although capable of existence in the littoral or benthic 
zones. 

3. Benthos^-organisms inhabiting the bottom. 
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PLANKTON 

The term plankton was first proposed by the oceanographer Victor Hen- 
sen in 1887 to designate that heterogeneous assemblage of minute organ- 
isms and finely divided, nonliving materials then known to occur in the 
waters of the sea and to float about at the will of the waves and other 
water movements. The term was soon extended to cover all assemblages 
of such organisms and materials regardless of the nature of the waters 
which they occupied, and this is the sense in which the term is sometimes 
used today. Commonly, however, the term plankton is restricted to the 
organisms only, while the associated detritus, which is always present to 
some extent, is indicated under other terms. A single organism in the 
plankton is known as a plankter.^ 

ORGANISMS COMPOSING PLANKTON 

Plankton of the various fresh waters differs widely in quality. The 
following outline is merely an abbreviated indication of the organisms 
which may occur in the plankton of fresh waters at large. Those groups 
most commonly and regularly represented in plankton are in the first list. 

A. P1.ANTS 

1. Algae. All of the classes of Algae, are represented, some of them 
very generously, in the plankton of inland waters. 

2. Fungi. Bacteria occur abundantly in the plankton; in fact, it seems 
likely that no water in nature is free from them. Other fungi also oticur 
widely and often commonly. 

B. Animals 

1. Protozoa. All of the classes and subclasses of Protozoa, except the 
Sporozoa, have representatives among the plankton. Often represented 
by many genera and species. 

2. Coelenterata. Hydra is a facultative plankter, occurring at times 
free in the open water. 

3. Rotatoria. One of the most important groups of the zooplankton. 

' The term plankionl of the older literature shoidd be abandoned because of its 
faulty word structure. 
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4. Gastrotricha. Representatives of Gastrotricha occur in the plank- 
ton but usually in limited numbers. 

6. Bryozoa. The Bryozoa (Polyzoa) may be represented in the plank- 
ton by their statoblasts (asexual reproductive bodies); also, in special 
situations and at certain times, by their free-swimming larvae. 

6. Arthropoda. 

0. Crustacea. Entomostraca, especially Cladocera and Copepoda, 
constitute one of the most prominent and significant of the plankton 
groups. 

b. Insecta. Certain insect larvae (Corethra) are common plankters in 
lentic waters. 

C. Occasional Planktebs 

In addition to the groups of organisms mentioned above which are so 
commonly present in the plankton at large, there is a second group, repre- 
sentatives of which may occur as plankters only occasionally or under 
somewhat unusual conditions, although when they do appear they are to 
be regarded as properly belonging to the plankton. The following groups 
exemplify this class, although it must be understood that other organisms 
might be added. 

1. Flowering Plants. These plants contribute little to the formation 
of true plankton. Among the more or less exceptional instances, repre- 
sentatives of the Lemnaceae (Wolffia) occur at various depth levels and 
are recorded as plankton organisms, especially in certain rivers. 

2. Coelenterata. The fresh- water medusa, Craspedacustay is essentially 
a plankter whenever it makes one of its rare, sporadic appearances. 

3. Platyhelminthes. As a rule, the Turbellaria are of little importance 
in fresh-water plankton. However, under special conditions and at cer- 
tain times of year, they may become abundant in the plankton of pools, 
backwaters, and similar habitats. Certain species are said to be adapted 
to the limnetic habit and apparently qualify as true plankters when they 
appear. 

Cercariae may appear in plankton, particularly in samples taken in 
shallow lakes or from shoal waters. However, they are rarely mentioned 
in plankton records, and in ordinary plankton examinations they are sel- 
dom seen. Wesenberg-Lund (1934) insists that fresh- water lakes support 
a peculiar fauna of pelagic cercariae which live a true planktonic life and 
that the failure to find them in plankton samples in the past has been due 
to faults of plankton collection and to peculiarities of seasonal distribution. 

4. Insecta. Temporary adoption of the limnetic habit by certain 
May-fly nymphs may occur in special situations. Adult and nymphal 
aquatic Hemiptera are occasionally found in the plankton, especially in 
rivers and ponds. There is some evidence that at times certain chiro- 
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nomid larvae become temporarily limnetic. A few other insect larvae 
mingle at times in plankton under circumstances which suggest that their 
presence is not accidental. Considerable quantities of eggs of the aquatic 
Diptera and of Ephemerida are found in the plankton of some waters, 
particularly at certain seasons. 

6. Arachnida. Water mites are occasionally found in the plankton. 

6. Vertebrata. Representatives of the vertebrates occur but rarely in 
plankton and then only as the small, juvenile stages of fishes. 

D , Adventitious Plankton Elements 

Many littoral and benthic organisms, particularly the small ones, may 
become accidentally and temporarily incorporated into the plankton. 
Wave action resulting from violent storms, rising water level, flood periods 
in running-water systems, seiches, and other water disturbances facilitate 
the introduction of adventitious components. Certain turbellarians; 
certain cercariae of trematodes; fresh-water nemerteans; various free- 
living, aquatic nematodes; representatives of the smaller, aquatic oligo* 
ehetes, especially species belonging to the Aeolosomatidae and the Naidi- 
dae; certain nonplankton Crustacea and insects; tardigrades; small snails; 
glochidia of mussels — these and other organisms may find their way into 
the plankton adventitiously. In fact, almost any of the smaller littoral 
and benthic organisms are potential, adventitious plankton elements. 
Discrimination between true plankters and adventitious forms is rela- 
tively simple in some instances; in others, it may be very difficult owing to 
the rhythms, periodicity, life-history features, and other complicating 
circumstances which surround and govern the appearance of the occa- 
sional plankters. 

In addition to the accidental inclusion of the smaller, marginal and 
bottom organisms in the plankton, the planktonologist not infrequently 
encounters wind-blown organisms, reproductive bodies, and life-history 
stages of organisms, all of terrestrial origin. Pollen of various shrubs and 
trees is often blown into water in considerable quantity. 

CLASSIFICATION AND TERMINOLOGY OF PLANKTON 

The vast amount of research on plankton has resulted in various classi- 
fications. Some of the more important groupings follow: 

Some Classifications of Plankton / 

1. On the basis of quality. 

A. Phytoplankton — plant plankton. 

1. Phytoplankton proper — chlorophyll-bearing plankton. 

2. Saproplankton — bacteria and fungi. 

B, Zooplankton — animal plankton. 
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II. On the basis of size. 

A. Macroplankton — the larger units of plankton, visible to the unaided eye. 

B. Net plankton (mesoplankton)- plankton secured by the plankton net 
equipped with No. 25 silk bolting clotJi (mesh, 0.03 to 0.04 mm.) 

C. Nannoplankton (microplankton) — very minute plankton not secured by the 
plankton net with No. 25 silk bolting (4oth. 

III. On the basis of local environmental distribution. 

A, Limiioplankton — lake plankton. 

B, Rheoplankton (potamoplankton) — ^running-water plankton. 

C, Heleoplankton — pond plankton. 

D, Haliplankton — salt-water plankton. 

E, Hypalmyroplankton — brackish-water plankton. 

IV. On the basis of origin. 

A, Autogenetic plankton —plankton produced locally. 

B, Allogenetic plankton — plankton introduced from other localities. 

V. On the basis of content. 

A . Euplankton — ^true plankton. 

B. Pseudoplankton — debris mingled in plankton. 

VI. On the basis of life history. 

A. TToloplankton- -organisms free floating throughout their life. 

B, Metoplankton -organisms free-floating only at (‘ortain times or stages of 
life cycle. 

DISTRIBUTION OF PLANKTON 

So far as is known, all natural waters, irrespective of latitude, altitude, 
and physicochemical characjters, are, in the vast majority of instances, 
normal supporters of a plankton, although it may differ in a great many 
respects. Statements are sometimes made in the literature to the effect 
that rapidly running streams and rivers may be devoid of plankton — a 
statement requiring some qualification. Similar statements are occa- 
sionally made concerning certain thermal waters, subterranean waters, 
spring-fed streams, transient pools, and other special situations, but some 
of these environments may contain a plankton, even though very much 
restricted. The almost universal presence of a plankton in natural waters 
is in itself an indication of the significant position which it occupies in the 
aquatic complex. 

General Geoghapiiic Distribution of Plankton 

Latitudinal Differences. For a long time it'Jias been claimed by some 
oceanographers that the polar seas support a mucli more abundant plank- 
ton than do the tropical ones. This contention is based upon very incom- 
plete information and does not meet with universal acceptance. In fact, 
the evidence is often directly conflicting. Allen (1939) points out that 
very large areas of the ocean in high latitudes show very light phytoplank- 
ton and extensive areas in the tropical seas produce very heavy phyto- 
plankton. It is claimed that certain arctic marine plankters show 
increased size over their warm- water relatives, a result which is attributed 
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to a thermal effect, but to what extent it influences the mass quantitative 
plankton production is not known at this time. It seems clear that before 
any latitude can be rated as the most productive, at least so far as the 
oceans are concerned, a vastly greater body of information must be 
available. 

Polar and tropical inland waters are still so little known limnologically 
that their plankton production cannot be compared satisfactorily. It has 
been claimed that quantitatively there is likely to be less plankton in 
tropical inland waters than in temperate waters. Certain northern low- 
lying lakes in countries bordering on the Baltic Sea are said to produce a 
generous plankton, but whether it is due to latitude or to other circum- 
stances is not clear. High alpine lakes, as a rule, are likely to produce a 
small plankton. Plankton production in the inland waters of far northern 
North America is little known. Rawson (1947) found low plankton pro- 
duction in Great Bear Lake, Great Slave Lake, and Lake Athabasca. 
The plankton of tundra waters is almost unknown. Shelford and 
Twomey (1941) reported plankton Crustacea very scanty in July in Lake 
Isabelle located in the tundra country near Churchill, west shore of 
Hudson Bay, Canada; also, “numerous individuals of Cladocera and 
certain plankton Protozoa in a small permanent pond in the same locality. 
In the face of this groat paucity of conclusive information, no profitable 
comparisons of plankton production at different latitudes can be made. 
Certainly there is no convincing proof that arctic inland waters are more 
productive in plankton than are the more southern ones; in fact, it is 
within the range of possibility that the reverse may be true. 

Cosmopolitanism of Fresh-water Plankton. One of the striking fea- 
tures of fresh-water plankton at large is its apparently well-marked cosmo- 
politanism. Many of the plankton forms in North American lakes and 
streams are identical with those in Europe and other continents, and many 
more are closely related species. This is said to hold not only for the 
continents but also for the oceanic islands. Certain things must be made 
clear at the outset of this discussion: (1) It must be understood that not 
all fresh-water plankton is alike the world over; such is not the case. (2) 
Plankton literature contains many records of species from large geographi- 
cal regions which have not been reported from other regions. (3) Certain 
groups of plankton organisms may show less cosmopolitanism than others, 
e.g., the desmids; but even in this group, most species are cosmopolitan. 
(4) (cosmopolitanism seems to be more marked in the plankton of typical 
lakes with considerable open water, although exceptions occur, such as in 
the small bog lakes. (5) Since environmental selection is an active influ- 
ence among plankton organisms, similar waters must be compared if cos- 
mopolitanism is sought. (6) Absence of cosmopolitanism may be (a) 
real, made known in thoroughly investigated waters; or (b) apparent, a 
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possible result of incomplete information. (7) The essence of this cosmo- 
politanism rests in the striking occurrence, sometimes predominance, of 
the same or closely related species in similar situations in the other conti- 
nents, a condition which appears to be unparalleled in all other organic 
communities either on land or in marine waters. This applies to many of 
the groups of both fresh-water phytoplankton and zooplankton. 

Among the groups of organisms which furnish so many species common 
to the fresh waters of the whole world are the diatoms; blue-green Algae; 
green Algae; Protozoa, particularly the Mastigophora; rotifers; copepods; 
and Cladocera. As illustrative of this situation, the distribution of the 
rotifers has been described by Jennings (1918) as follows; 

Studies on the rotifers of Europe, Asia, Africa, America, and Australia show 
not different faunas in these regions but the same common rotifers found every- 
where, with merely a new form here and there, and it is an extraordinary fact 
that when a new rotifer is described from Africa or Australia, its next occurrence 
is often recorded from Europe or America. In stagnant swamps all over the 
world appear to be found the characteristic rotifers of stagnant water; in clear lake 
water are found the characteristic limnetic rotifers; in sphagnum swamps every- 
where, the sphagnum rotifers. Variation in the rotifer fauna of different coun- 
tries is probably due mainly to differences in the conditions of existence in the 
waters of these countries, rather than to any difficulty in passing from one coun- 
try to another.^ 

Work on tropical lakes (Ruttner, 1931) has yielded a similar story. In 
the lakes of Java and Sumatra were found the same species of Cyclops, the 
same Cladocera, and the same rotifers as occur in Central European lakes. 
Certain other groups showed the same cosmopolitanism. 

Deviations from this cosmopolitanism may take the form of (1) absence 
of certain plankton types, such as is said to occur in the high arctic zone; 
(2) plankton species restricted to limited areas; (3) special plankton com- 
ponents in certain situations, such as the remarkable diatom plankton said 
to occur in the large African lakes; (4) restricted cosmopolitanism, such 
as the occurrence of numerous species of Cladocera in southern United 
States and also in South America but absent in the northern States; (5) 
absence of cosmopolitanism in certain groups; for example, of the 46 
species of the genus Diaptomus (Copepoda) known for North America, 43 
are restricted to the Western Hemisphere, and but 1 North American 
species (Z>. marshi) hiis been recorded from South America (Marsh, 1929). 

Space cannot be given here to the great mass of detailed information 
relating to the numerous species which manifest this striking cosmopolitan 
distribution. The reader may find more than passing interest in knowing 

* Reprinted by permission from * ** Fresh-water Biology,” by Ward and Whipple. 

John Wiley & Sons, Inc. 
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that the familiar Ceratium hirundinella occurs from the Arctic regions, 
where it is free and pelagic for only a few weeks of the year, to the warm, 
constantly open waters of the tropics where it is perennial; that the easily 
recognized entomostracans Cyclops serrulatusy Daphnia longispina^ Bos-- 
mina longirostris, and the rotifers Polyarthra trigla (platyptera) and Filinia 
(Triarthra) longiseta are merely a few of the plankton inhabitants of 
American lakes which inhabit fresh waters from the arctics to the tropics, 
the world over. 

Explanations offered to account for this cosmopolitanism are distinctly 
hypothetical. It will suffice here to state that some of them are based 
upon the contention that the fresh-water plankton is one of the oldest 
communities on the earth; others depend upon a claim that fresh-water 
plankters show an almost unexcelled elasticity and adaptability to various 
and to varying environmental conditions. 

Origin of Fresh-water Plankton. Like many phylogenetic questions, 
the ancient origin of fresh-water plankton rests in the realm of speculation. 
According to one theory, fresh-water plankton is a very ancient derivative 
of the primitive ocean, and certain evidences seem to support this view. 
However, the literature is not without suggestion that life arose in the 
small, shallow waters where certain postulated electrical disturbances or 
complex chemical reactions, thought necessary to the origin of living from 
nonliving matter, would supposedly be more strongly felt than in the 
great water masses of the oceans. The latter conception might be con- 
strued to suggest that ancient fresh water was the original environment 
for life. On the other hand, if the ancient oceanic origin of plankton be 
accepted for the moment, the question still remains as to the chemical 
nature of the original seas. It is supposed by some geologists that the 
ancient oceans were very much less saline than at present; that the 
salinity has been gradually increasing through the ages by the accretion of 
salts added to them from the land masses. Attempts have been made to 
show that while the general chemical composition of primeval sea water 
was essentially the same as it is today, the concentration of salts was very 
much less. In fact, it has been hinted that the primitive oceans were 
essentially fresh water, a conception that would derive life from fresh- 
water conditions. It has been argued that while, in time, the ancient 
oceans may have acquired inorganic salts, provisions for supplying the 
organic nitrogen were necessary for the rise of a biota and that certain 
primitive nitrogen-fixing bacteria were probably the first organisms to be 
evolved. Nitrogen-fixing bacteria are numerous in modern fresh waters, 
although not confined to them. 

All of the simplest types of Protozoa occur in fresh water; in fact, it is 
contended by some that the entry of the fresh waters by the primitive 
Protozoa occurred before the subclasses of that phylum had been evolved, 



230 


LIMNOLOGY 


and it has been regarded as possible that the whole phylum may have had 
a fresh-water origin. 

If, as has been supposed, the primitive inland waters and most primitive 
ocean waters were similar in chemical content, then the two classes of 
water have been gradually diverging in character with the passing ages. 
If the evidence that the fresh-water plankton is among the oldest com- 
munities on the earth is dependable, then the various ancestral compo- 
nents of the present-day fresh-water plankton may have found their way 
into the inland waters during the early ages when conditions of contrast 
between the two kinds of water were so slight as to constitute no barrier 
to migration from one to the other. Since the plankton occupies such an 
important position in the food cycle of aquatic organisms, its appearance 
in the primitive fresh waters must have preceded the advent of the higher 
aquatic animals. 

Considerable speculation has centered about the question as to the 
original entrance route of plankton into fresh waters. The following 
theories might be mentioned : 

1. An old theory proposed the ancient entrance of plankton into fresh 
waters from the tropical regions, a theory which apparently has little 
modern support. 

2. A polar origin for fresh-water plankton has had, and apparently is 
still having, some serious consideration. This theory stresses salinity 
effects, postulating that in the arctic region plankton types would become 
more accustomed to the wide variations of salinity, due to alternate freez- 
ing and thawing of the water, while at the same time continually low tem- 
peratures minimize (jhemical effects. In addition, it is claimed that many 
of the European fresh -water species have very close Nordic^' affinities, 
indicating a Nordic origin of the fresh-water plankton, although it has 
been stated that there are no convincing instances of present-day immi- 
gration of arctic forms into European fresh water near the arctic fringe. 
Associated with this theory is the proposal that certain evidences indicate 
a separate origin for the ar(;tic and the antarctic fresh- water stocks. Cer- 
tain adherents to the general theory have regarded the whole fresh-water 
plankton as an assemblage of forms which immigrated into the inland 
fresh-water lakes from the Arctic Sea during tbe ice age. 

3. Anot her theory holds essentially that 

• . . the fresh-water plankton (jould be designated as bottom and littoral forms 
which have adapted themselves more or less to pelagic life and made themselves 
independent of bottom and bank where the great majority still pass a shorter 
or longer period of their life (as resting stages). The home of the fresh-water 
plankton is to be found on the bottom and in the littoral region of the lakes 
whence it is still recruited to this very day.^ 

1 Wesenberg-Lund, 1926. 
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In connection with this theory, it is contended that the fresh-water 
plankton greatly antedated the ice age; that while during the ice age the 
fresh-water plankton may have been driven out of vast areas of its former 
distribution, it repossessed the old areas after the ice disappeared. There- 
fore, the influence of the ice age on the history of the fresh-water plankton 
community has been but a transient one, according to this theory. It 
has also been contended that the fresh- water plankton is not homologous 
with the marine plankton; that much of the fresh-water plankton is closely 
related to the littoral and bottom forms; and that some organisms which 
are bottom forms in lakes poor in calcium, nitrogen, and phosphorus are 
plankton forms in lakes containing larger amounts of these substances. 

In the production and maintenance of a standing crop of lake plankton, 
various sources may be involved. The principal ones are: (1) Many 
species may be open-water forms, developing and reproducing continu- 
ously in situ, (2) Inflowing water from plankton-producing tributaries 
may make both qualitative and quantitative additions. (3) Certain 
organisms occupying the margins, the littoral zone, and the bottom may 
become plankters. Some workers have claimed that this is the major 
source of plankton. (4) Various components of the periphyton auto- 
matically released into the water or washed olT the supports by water 
movements become a part of the plankton (Young, 1945). For a dis- 
cussion of the sources of plankton in streams, see Chap. XVII. 

Horizontal Distribution of Plankton 

Lack of Uniformity. One of the principal, well-established facts con- 
cerning horizontal distribution of plankton is its irregularity when any 
area of fair size is considered. Earlier in the history of plankton investi- 
gations, it was assumed that, in those areas of the sea in which environ- 
mental conditions were essentially the same, the plankton distribution was 
uniform, an assumption now known to be without basis in either marine 
or fresh waters. The discovery of this irregularity in horizontal distribu- 
tion revolutionized certain of the methods of studying plankton. This 
lack of uniformity extends not only to large areas but also often to rela- 
tively small lakes and regions of lakes. In fact, it is imperative to avoid 
an assumption of uniformity in any area of water. Uniformity is not an 
impossibility, but it is not the common condition in nature and may be 
rare. This irregularity involves both the phytoplankton and the zoo- 
plankton, although, according to certain investigators, the phytoplankton 
appears to have a more uniform distribution, in general, than does the 
zooplankton; also, the zooplankton may show great irregularities which 
have not been correlated with any variations in the amount of phyto- 
plankton or in the chemical and physical features of the environment. 
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Causes of Irregularity. Wind Action. One of the most common 
causes of irregularity in horizontal distribution is the wind acting upon 
surface waters. As is well known, wind not only causes waves but in 
addition may produce an actual drift of the upper waters. Under certain 
conditions of drifting water, plankton organisms become concentrated 
temporarily in the vicinity of the shore which faces into the wind at that 
time. Such plankton drifts are common in many lakes in summer. 
Sometimes such a plankton drift, particularly where it meets the shore, 
becomes so thick that the whole water is altered in color and general 
appearance. Small bays or coves may become the concentration grounds 
for surface-water plankton at such times. The writer has witnessed many 
times veritable windrows of plankton at the water^s edge, the main drift 
being more than one-fourth mile long, many feet wide, and as concen- 
trated as it would seem possible, while beyond this main drift near shore 
thick accumulations extended much farther out into the lake, diminishing 
in concentration with the increasing distances from shore. Accumula- 
tions of Gloeotrichia, Anabaena, and certain other phytoplankton appear 
in small coves and in boat slips and in such concentrations that the whole 
water to considerable depths is not only a dense blue-green color but is 
also distinctly sluggish from its massed content. Surface-water move- 
ments all tend to disturb uniformity of distribution, but it appears that 
these vast shoreward accumulations occur most frequently as the result 
of a steady but gentle shoreward water drift, rather than the more violent 
wave actions. 

The general effect of such plankton drift is to concentrate, more or less, 
the plankton of the upper waters throughout one part of a lake with corre- 
sponding thinning on the opposite side. Obviously, plankton sampling 
in the region of the exposed shore would yield results much in excess of the 
general average for the lake; a sample from the opposite region would be 
below normal. Under such condition, the closer to the exposed shore the 
sample is taken the greater the error in the direction of a false magnitude. 
While the plankton of the uppermost waters is most affected by water 
drift, it should not be overlooked that surface-water drift may be produc- 
ing return currents or drift below the shearing plane and just above the 
thermocline with possibilities of disturbing the distribution of plankton at 
those levels. 

Plankton drifts due to wind action are always temporary, practically 
all of the accumulations spreading back over the lake when the wind dies 
down or changes its direction. On occasion, portions of the drift in con- 
tact with the shore become washed upon the beach where the plankton 
may disintegrate. Some of it may get worked into the inner beach mate- 
rials where it remains moist and continues to live for a time. 
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Inflowing Streams. Inflowing surface drainage usually produces one 
or more of several effects, as follows: 

1. Increase of plankton, quantitatively, qualitatively, or both, in the 
region surrounding the mouth of an inflowing stream. Under special 
circumstances, certain inflowing, sluggish, plant-filled streams may of 
themselves be greater plankton producers than the lake into which they 
flow; or they may be in the form of very short, direct outlets of other 
adjacent lakes which are more productive in plankton. The effect is to 
pour plankton into the receiving lake. Plankton samples taken opposite 
the mouths of such drainage yield results which exceed the average for the 
lake. Such a region is, of course, subject to the plankton variations 
inherent in the drainage system itself. 

2. Dilution. Inflowing water from streams more often bears a scantier 
plankton than the water into which it flows, thus producing a condition of 
dilution in the plankton population of the lake water opposite the mouth 
of the stream. Systems of streams, particularly those which do not drain 
standing-water units of any sort, usually yield small plankton crops. 
Many river systems, especially the swifter ones, have been reported as 
producing very little plankton compared with the standing waters into 
which they flow. 

3. Qualitative variations. Inflowing streams sometimes bring into a 
lake, regularly or at intervals, plankters which may not ordinarily flourish 
in the lake receiving them. 

4. Physicochemical alteration of the water. The entry of water 
markedly different, chemically and physically, may deliver plankters not 
normal to the lake. It may also eliminate locally some of the plankters 
normal to the lake water. 

Irregularity of Shore Line, Irregularities of horizontal distribution may 
result from a shore line which produces various bays or coves, sufficiently 
protected to provide better conditions for developing plankton than does 
the open water, i.e., regions where not only is plankton abundantly 
produced but in which successive generations of plankters can pile up, 
producing a greater concentration of plankton population. Such semiin- 
closed waters may have sufficient protection against the general circula- 
tion of the open water to form a more or less permanent region of denser 
plankton. 

Depth of Water. For reasons not well \inderstood, depth of the water 
has an influence upon certain plankters. It has been shown that, in some 
situations and at certain seasons at least, growths of diatoms are much 
greater in the region of deep water than in the shallows. A few other 
organisms, including the young of some fishes, have been reported as 
exhibiting this phenomenon. 
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General Flowage Areas. General flowage areas, particularly shallow- 
water flowage, often alter horizontal distribution. Proximity of a main 
inlet to an outlet in the same lake and various other circumstances may 
produce the flowage of whole fields of surface water. Mass differences, 
streaked distribution, and other forms of plankton irregularity may be so 
produced. 

Currents. Definite currents of any sort act in various ways to alter the 
general horizontal distribution. These streams within the lake often have 
a plankton concentration different from the neighboring, more stationary 
areas. 

Undertow Currents. Undertow resulting from the piling up of waters 
on one shore by a sudden, vigorous wind may result in bringing about 
unequal concentrations of plankton. 

Plankton Swarms. Oc.eanographers have often observed local concen- 
trations, sometimes very striking, of certain plankton organisms. Such 
local aggregations may be so concentrated as to impart a definite color to 
the water. They also o(H;ur in lakes, although perhaps in less striking 
form. They may be the result of one of several different causes, such as 
certain peculiar forms of surface drift or the active migration (^f individ- 
uals of a species into a particularly favorable area or the rapid reproduc- 
tion of a species in a specially favorable region or the tendcn(*y of certain 
forms to be gregarious. Such swarms may be prodiK^ed by the enormous 
numerical dominance of a single plankter, such as certain Cladocera, 
Protozoa, and others. l"hey have been described in inland waters as 
forming great bands or streaks or as arranged into areas of thick and thin 
concentrations, simulating cloud effects. As in the sea, they may give 
the water a strikingly different color in the region of the swarm. These 
swarms establisli thick and thin areas and must be taken into account 
particularly in quantitative work. 

Difference of opinion exists as to the relative significance of plankton 
swarms in diversifying the horizontal distribution of fresh- water plankton, 
s<^me workers holding that the swarms are not frequent enough to prodiuje 
serious lack of uniformity. However, there seems to ])e evidence that 
they are sufficiently common to necessitate taking them into account 
when plankton sampling is planned. 

Action of Predators. Aggregations of plankton feeders may greatly 
reduce the prey locally. Thus, a swarm of predators may leave a wake 
in which the plankton is greatly depleted. 

Indirect Results of Diurnal Migration. Diurnal migration, which will 
be discussed later (page 243), may contribute indirectly to an irregular 
horizontal distribution. Winds rising during the night drift the migrating 
plankters into shoal water, making it impossible for many of them to 
return to the depths with the oncoming of dawn. Thus trapped in sur- 
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face water, they must wait for changed conditions in order to have a 
chance to return to the depths. In the meantime, they produce a tem- 
porary irregularity of horizontal distribution. 

Concentrations of the limnetic plankton toward the center of a lake are 
said to occur at times in some situations, causing a diminution of these 
organisms in the peripheral areas. One explanation which has been 
offered to account for this phenomenon stresses the indirect effect of 
vertical distribution in the following way: Plankters which migrate verti- 
cally descend with the onset of dawn, those nearer the shore arriving at 
the bottom at a higher level, and, following down the slope of the basin 
in order to reach deeper water, tend to concentrate in the depths; on the 
next trip to the surface, they rise vertically from the profundal area, thus 
producing at the surface a greater concentration above the deep parts 
than above the peripheral regions. 

General Consequences of Irregularity of Horizontal Distribution. 

Since there are so many different causes of irregular horizontal distribu- 
tion, some of them operating simultaneously, the likelihood of a uniform 
distribution is slight. It has been shown that even in the Sargassa Sea, a 
region existing under circumstances which might seem ideal for producing 
uniform horizontal distribution of plankton, the variation may be con- 
siderable. It therefore behooves students of plankton to make, in their 
methods of sampling, proper recognition of this irregularity; otherwise, 
very serious errors are likely to occur. 

In general, horizontal distribution of plankton and alterations in it are 
largely of a mechanical character and less concerned with profound 
environmental differences such as are involved in vertical distribution. 

Vertk^al Distribution of Plankton 

Since conditions change with increasing depth, some of which have a 
vital influence, the vertical distribution of plankton is a complicated mat- 
ter. Various horizontal levels and strata, superimposed upon each other, 
may exhibit plankton populations (Fig. 31) which differ qualitatively, 
quantitatively, or both. If deeper regions are provided with a plankton 
at all, it may show little or no resemblance to that of the upper waters. 
Under circumstances to be mentioned later, definitely demarked stratifi- 
cations and concentrations become established. Certain deep regions 
periodically become devoid of a true plankton, and the uppermost surface 
layer may, at times, have a very scanty one. In lakes of the second order, 
an approximation to a uniform vertical distribution of plankton occurs 
only during spring and fall overturns, after each of which the various 
stratifications in the vertical distribution are soon reestablished. Lakes 
of the third order may show a certain difference in vertical distribution at 
times of calm, although they are subject to a circulation by wind action 
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which tends to mix the plankton uniformly. In addition to the general 
biological stratification which characterizes the total plankton, each 
plankter, as a rule, has its own level, indicated by the region of its maxi- 
mum population. Certain plankters are distributed, in reduced or 
minimal quantities, from the surface to the lowermost limits of habitabil- 
ity, but somewhere in that range a concentration usually occurs. It does 
not follow, however, that the depth position of the concentration zone is 
the same in all lakes inhabited by the same organism. The more out- 
standing features of vertical distribution are presented in the following 
pages, although it must be understood that the discussion is a very general 
one. 

Distribution of Phytoplankton. The demand by chlorophyll -bearing 
phytoplankton for sufficient effective light predetermines the depth to 
which they may be distributed in any lake. That depth, however, may 
not be attainable at certain times owing to the chemical stratification; 
c.g., in a very transparent lake, effective light may extend to considerable 
depths during the summer stagnation period, penetrating into the hypo- 
limnion; but if the upper portions of the hypolimnion are devoid of oxygen 
and otherwise uninhabitable, the depth distribution is restricted to a 
smaller region. The uppermost waters arc, t.hen, the home of the 
chlorophyll-bearing plankton; but within this general zone, limitations 
impinge both from above and below, such as excess light and possibly 
other less favorable circumstances at the surface and encroachment 
of hypolimnion conditions from below. Considered from the point 
of view of general mass distribution, the folloAving statements commonly 
hold: 

1. The blue-green and the green phytoplankton (Myxophyceae and 
Chlorophyceae) usually have their maximum concentration at a higher 


drawn to the same wale and are coiistrufted quantitatively. 

Ahhreviationa: R, rotifers; V, nauplii; C, ('ruslaeea; A, Algae other than diatoms; />, 
diatoms; O*, dissolved oxygen in cubic* centimeters per liter; T, temperature in degrees centi- 
grade; tr., trace; Af, depth in meters. 

Qualitative changes: May 22' - most abundant forma were Tahdlaria, Fragilaria, CycXopa^ 
Keratdla (Anuraea) acvleata, Keratdla (Anvraea) cochlearia, and NoihuLca longiajnna. Juno 
8 — predominant forms were Aphanizomcnon, Mdoaira, Keraldla {Anuraea) cochXearia, 
Daphnia hyoLina in the upper 8 m. and Cyclops below that level. June 18- predominant 
forms were Stauraatrum, Fragilaria, Cyclops, Keratdla {Anvraea) cocMearia in the upper 10 
in. and Polyarthra thence to the bottom. July 20— predominant forms were Stauraatrvm, 
Fragilaria, Cyclops, and Keratdla (Anuraea) cocMearia which was responsible for the in- 
creased number of rotifers at 16 m. Aug. 24 — predominant forms were Ceraiivm, Stau^ 
rostrum, Mdoaira, Keratdla {Anuraea) cocMearia, Daphnia hyalina in the upper 5 m. and 
Cyclops thence to the bottom. Sept. 14 — predominant forms were Microcyada, Meloaira 
(practically the only AvaXom), Polyarthra in the upper 7 m. and Keraldla {Anuraea) cocMearia 
below this depth; Crustacea fairly evenly divid^ among the several species represented. 
Oct. 6 — predominant forms were Coeloaphaerium, Mdoaira, Keraldla {Anuraea) cocMearia 
and Cyclopa, Oct. 11— diagram shows the vertical distribution immediately after the 
autumn overturn; predominant forms were the same as on Oct. 6. {Diagrams conatrwted 
from data taken from graphs of Birge and Juday, 1911.) 
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level than do the diatoms. This result has been thought to be due to the 
heavier weight of the latter. 

2. The maximum populations of the total chlorophyll-bearing phyto- 
plankton are usually at some level below the surface stratum, although 
exceptions occur. 

3. The blue-green Algae as a group tend to concentrate toward the 
surface. 

Distribution of Zooplankton. It is difficult to generalize on the vertical 
distribution of the zooplankton as a whole, and the same is true of the 
various taxonomic groups composing the zooplankton, the controlling 
circumstances being so involved and so variable that general statements 
are scarcely possible. (Certain tendencies in vertical distribution appear, 
such as (1) greater occurrence of the Sarcodina in lower waters; (2) prefer- 
ence of the Dinoflagellata for upper waters; (3) general scattering of the 
Ciliata; (4) selection of different levels by the young and adult stages of 
certain Crustacea; and others. However, there are so many departures 
from these statements that they can scarcely be used with any certainty 
in advance predictions as to the distribution in any water. The distribu- 
tion behavior may be very different in different kinds of water. Under 
conditions of well-developed physicochemical stratification, the levels of 
maximum population of the Crustacea and the llotifera often correspond 
very closely, although such a statement cannot be depended upon, since 
striking exceptions occur. Distribution, described only in terms of the 
larger groups of plankters, shifts with the season; and correlations existing 
between two or more groups may disappear later, (^old-water forms tend 
to keep to the deeper, colder water unless forced upward by encroach- 
ments of the oxygenless zone. 

Relation to Physical and Chemical Stratification, in lakes exhibiting 
physicochemical stratification, vertical distribution of the plankton is 
profoundly affected by the various events of the stratification. During 
the overturns in temperate lakes of the second order, the plankton is 
usually distributed throughout the whole water mass. Progression of the 
characteristic events of the summer stagnation period is accompanied by 
a gradual reduction and sometimes a final disappearance of the plankton, 
in living form, from a part or all of the hypolimnion. On the other hand, 
striking concentrations and microstratifications sometimes form in the 
thermocline. In many lakes, the lowermost extent of living plankton, 
during the latter part of the summer stagnation period, is either the lowest 
limit of the thermocline or some level within it. Not infrequently, 
plankton disappears with striking abruptness at some level within the 
thermocline. In those lakes whoso depth and surface-area relations are 
such that overturns are either absent or incomplete, bottom waters may 
be perpetually devoid of living, healthy plankton. In describing the 
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deeper waters as devoid of plajikton at certain times or under certain 
conditions, the possible occurrence of some kinds of bacteria should not 
be overlooked. 

Vertical distribution during the winter stagnation period, following as 
it does a general, virtually uniform distribution during the fall overturn, 
develops certain similarities to that of the summer stagnation period. 
Typical thermocline influences are absent, and light relations are modified 
by ice and snow cover. Depth of effective light penetration is more 
restricted, and the chlorophyll-bearing plankters may be expected to 
occupy somewhat higher levels. Under conditions of prolonged ice cover, 
the whole plankton, in some instances at least, may ultimately be con- 
fined to a much thinner stratum of the uppermost waters than is occupied 
during the summer. 

Concentration Zones and Depression Individuality. During periods of 
thermal and chemical stratification, certain plankters form distinct con- 
centrations of the population at some parti c\ilar depth. In some 
instances, the concentration zone may be broad; in others, strikingly thin. 
Unless care is taken to prevent it, thin concentration zones (ian be missed 
in plankton sampling, and since in such zones the population may be 
densely massed failure to sample it properly would result in serious errors. 
The depth, position, and thickness of concentration zones differ with 
the different plankters which form them. It appears that most if 
not all concentration zones are the result of conditions set up and main- 
tained by physicochemical stratification; they are dispersed during the 
overturns and re-form with the onset of stratification. Since stratifi- 
cation conditions differ in different waters, it is inevitable that the 
concentration behavior of a given plankter is not a constant feature in all 
lakes. 

In a multidepression temperate lake of the second order, concentration 
behavior of some plankters gives additional evidence of depression indi- 
viduality (page 58). The concentration zone of a plankter may be very 
different in position and form in the different depressions within the same 
lake. One of the best contributions in this field is that of Campbell 
(1941) who found that in Douglas Lake, Michigan, rotifers respond to 
depression individuality in the following ways: (1) Concentration zones 
were established on different dates in the several depressions and also 
disappeared on different dates. (2) Depth positions, widths, and density 
of concentration zones varied among depressions on corresponding dates. 
(3) In winter, concentration zones occurred at different depths in different 
depressions. 

Conditions Influencing Vertical Distribution. Among the influences 
which may operate in the production of various forms of vertical distribu- 
tion, the following are important: (1) light; (2) food; (3) dissolved gases, 
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principally oxygen, and other dissolved substances; (4) temperature; (5) 
wind; (6) gravity; and (7) age of individuals of a species. 

Light The various general effects of light have been treated in a 
previous section (page 170), and only passing reference is necessary here. 
That it is one of the most important factors in vertical distribution of 
plankton is well established. Its presence, for various reasons, tends to 
reduce, sometimes almost to disappearance, the plankton in the surface 
layer, while its absence, total or ineffective quality and quantity, elimi- 
nates the chlorophyll-bearing plankters and many others from the lower- 
most waters. The annual, diurnal, and other variations of the light, 
qualitative and quantitative, are potent influences in producing shifts, 
alterations, or migrations of plankton. These migrations and other forms 
of diurnal movement will be described in a later section (page 243). Dur- 
ing the ice-cover period, the vertical distribution depends much upon the 
nature and thickness of the i(je and upon the presence or absence of an 
additional snow cover. It has been found that important changes in 
the vertical position of many plankters can be produced by the removal 
of the snow which has accumulated on top of the ice, thus admitting more 
light. Surface water immediately below the ice cover may teem with 
plankters of various kinds. 

Differences in the light reaction of the young and the adult stages of 
certain plankters lead to a different vertical distribution of the life-history 
stages in the same species, instances of this phenomenon are said to be 
common among the plankton Crustacea, the adults of certain species 
responding negatively to light and seeking the deeper levels while the 
young are positively phototropic and occupy the upper waters. 

Food, The explanation of certain facts of vertical distribution of 
plankton seems to involve the relation of food and eater; i.e., the distribu- 
tion of the eater is determined to some extent by the distribution of its 
food. In the past, attempts have been made to explain concentrations of 
Protozoa, micro-Crustacea, and rotifers in the thermocline on the basis 
of the effect of the temporary checking of settling suspended materials 
in the thermocline (due to rapid changes in viscosity and density of the 
water), thus presumably producing a greater concentration of such mate- 
rials at that level. This being assumed to* be true, these substances, 
together with the included bacteria, would cause their eaters (Protozoa 
and others) to collect there, and these in turn would cause the Crustacea 
and rotifiers to congregate there to feed upon the Protozoa and other 
substances. Similarly, the general occurrence of limnetic Algae in the 
upper waters doubtless has something to do with the distribution of the 
micro -Crustacea. As will be shown later, attempts have also been made 
to explain certain plankton migrations on the basis of the caters^ following 
the changes in position of their food. 
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In general, it may be stated that, ordinarily, a plankter should be most 
numerous where its food is most abundant, and vice versa, but the degree 
to which this food relation determines the habitual distribution of the 
eater is still a matter of some uncertainty. Furthermore, in the instance 
of some plankters, the food explanation fails completely. At best, it 
can be said at present only that it acts simultaneously with other regulat- 
ing factors and with varying degrees of influence depending upon the 
plankton group involved. 

Dissolved Gases and Other Substances. As pointed out elsewhere (page 
125), chemical changes in bottom waters may lead to the development 
of inimical conditions. Disappearance of the dissolved oxygen is usually 
the most significant event, although other substances may play, in some 
lakes, an important part in rendering deeper waters partially or wholly 
uninhabitable for most of the common plankters. Some plankters are 
more sensitive than others to the accumulating results of decomposition 
in underlying waters, so that all which do not die retreat upward at the 
same rate, and a certain stratification may result. Nevertheless, chemi- 
cal changes often progress to the lethal point for most or all pelagic plank- 
ton organisms, eventually eliminating them from certain underlying 
strata. 

Temperature. Temperature acts both directly and indirectly in influ- 
encing vertical distribution of plankton. Direct effects are usually mani- 
fested through either (1) selection by some motile plankters of certain 
favorable temperatures or (2) inability of some nonmotile forms to exist 
in levels having certain temperatures. Such effects appear to apply only 
to those plankters which manifest sensitivity to differences in tempera- 
ture, while apparently many plankters are not influenced at all by any of 
the vertical temperature differences within a lake. There appears to be 
good evidence that the temperature characteristics of the thermocline are 
important in determining the position of certain plankters. 

Temperature acts indirectly in causing changes in the density and 
viscosity of water, such changes altering the flotation levels of those 
plankters which are delicately adjusted to flotation. It is also said to 
act indirectly in changing the sensitiveness to light of the limnetic Crusta- 
cea; higher temperature increases while lower temperature decreases this 
sensitivity, thus leading to different degrees of response. 

Wind. Wind effect of any significant amount varies with the season. 
During the summer, it can influence directly only the epilimnion in which 
during hard blows it may make changes in the vertical distribution of the 
plankton. However, it is probable that such changes are not so extensive 
as has been supposed, since active forms, particularly the Crustacea, are 
to a considerable degree independent of such vertical currents as may be 
temporarily produced and, in fact, may respond negatively to them. 
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Furthermore, some of the nonmotile, floating phytoplankton show sur- 
prising resistance to such mechanical influences working toward changing 
their normal levels. Wind-produced oscillations of the thermocline may 
cause corresponding changes in the vertical position of the different plank- 
ton strata. During the autumn and the spring overturns, the wind may 
play a prominent part in disturbing plankton since the water is of the 
same density and viscosity throughout; is without any significant tem- 
perature gradients; circulation of the water is more extensive; the phyto- 
plankton may be at maximum production and widely distributed through 
the water — these and other circumstances not necessary to list here make 
various plankters much more apt to be shifted vertically than they are in 
the summer. During the period of ice cover, the disturbing influence of 
the wind is eliminated. Wind action at any time may affect vertical dis- 
tribution by keeping certain plankters, such as diatoms, either in flotation 
or suspended at a higher level. 

Gravity, Gravity relations are intimately involved in the vertical 
position of many plankters. Certain phytoplan kters, such as Gloeolrichia, 
occupy the surface waters because of a much reduced specific, gravity; in 
fact, they are drawn out of flotation only by vigorous centrifuging. On 
the other hand, many plankters, e.g., the pelagic (Crustacea, are heavier 
than water and sink with appreciable speed when mf)mentarily inactive. 
Daphnia regularly maintain their position in water in the following way: 
Short periods of immobility of the swimming appendages (antennae), 
during which the animal sinks at about the rate of 20 to 30 cm. per min., 
are terminated by abrupt resumption of a swimming period in which a few 
strokes of the antennae restore the animal to the former, higher level. 
Horizontal change of position by swimming interrupts the routine from 
time to time, but the alternate sinking and upward swimming are resumed 
immediately in the new location. This relat ion demands a const.ant con- 
tinuous expenditure of energy and is responsible for the statement that 
the animal has no opportunity to sleep. Other (hustacea {Diaptomus, 
Cyclops, and others) manifest movements less regular than the daphnids 
but nevertheless must expend energy to maintain their positions. As the 
individuals {Daphnia, Cyclops) become older and larger, the energy- 
expenditure demand becomes greater with tfee result that these older, and 
sometimes feebler, individuals tend gradually to sink while the younger 
individuals remain behind. The sinking rate of newly hatched daphnids 
is said to be less than one-third as great as that of adults; therefore, less 
energy is required for maintenance of position against gravity. Certain 
other plankton Crustacea {Diaptomm, Diaphanosoma), which seldom 
show this form of sinking, may escape this fate because of the development 
of a considerable amount of fat within their bodies, thus providing greater 
flotation. 
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Age of Individuals of a Species. Reference has already been made to 
the fact that distinct differences may exist between the young and the 
adults of certain plankters with respect to their vertical distribution. 
This phenomenon is perhaps best represented among the plankton 
Crustacea, some of the important facts of which are as follows: 

1. As a general rule, young individuals of a species occur near the 
surface. 

2. The annual spring increase of Crustacea appears in the uppermost 
water stratum where the population is composed of juvenile forms. 

3. Adult individuals tend to sink into deeper strata. 

4. Nauplii (Copepoda) do not seem to conform to the rule of age men- 
tioned above but often occur in greatest number in the general vicinity 
of the thermocline. 

Other instances of age effect on vertical distribution will be described sub- 
sequently in connection with the subjc(it of diurnal plankton movement. 

Diurnal Movements of Plankton. One of t he most, striking phenomena 
manifested by plankton is the diurnal, vertical migration of certain promi- 
nent plankters. Such movements occur both in the seas and in lakes. 
They have been the subject of numerous invest igations and, while many 
facts have been accumulat(id, there still rcjmaiii features about which 
information is absent or scanty or about whi(;h results of research are in 
(conflict. 

Plankters Manifesting Diurnal Movements. In inland waters the plank- 
ton Crustacea comprise very largely the species which exhibit diurnal 
movements. Such movements arc widespread among the Cladocera and 
the Copepoda. Certain rotifers manifest diurnal movement, but appar- 
ently the group as a whole is little concerned in these migrations. The 
larvae of one insect (Corethra) perform these movements in a striking way. 
Diatoms, flagellates, and other organisms with weak locomotion have 
been o})served to manifest diurnal movement but are restri(;ted to narrow 
limits. 

Nature and Extent of Diurnal Movements. Diurnal movements differ 
greatly under the various environmental conditions and with the various 
species involved. The following statements indicate, in part, reasons for 
the lack of uniformity in diurnal movements: 

1. Lakes differ widely in their inherent environmental conditions. 

2. The various plankters are not equally affected by factors which 
stimulate and govern these migrations. 

3. Close kinship of plankters does not insure similarity of performance. 

4. Representatives of any one species do not necessarily behave in the 
same way in different waters. 

5. Nauplii and other juvenile stages may exhibit a performance dis- 
tinctly different from that of adults of the same species. 
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Leptodora KiNDTii (Cladoccra, Crustacea). This remarkable, trans- 
parent cladoceran, limnetic in the lakes of northern United States, migrates 
into the surface waters at night, arriving there, often in great num- 
bers, from one to two hours after sunset, and disappears into the deeper 
waters before sunrise. That this performance is not an invariable one 
is indicated by the reported occurrence in parts of certain river sys- 
tems of considerable numbers of this crustacean in surface waters dur- 
ing the day. There is also evidence that in other situations where the 
water is both clear and shallow, it buries itself in the mud during the 
day. 

Daphnia longispina (Cladocera, Crustacea). This cladoceran is an 
almost world-wide component of lake plankton and has been studied by 
workers in several continents. In a typical, temperate, deep lake it com- 
monly behaves as follows: Both young and full-grown individuals spend 
the after part of the night near the surface hut descend during the day 
into the depths remote from the surface. In some situations at least, the 
thermocline seems to have no effect . A very similar migration occurs in 
some tropical lakes, such as Victoria Nyanza. In certain Wisconsin 
lakes, the range of vertical migration of D, longispina var, hyalina is from 
0.2 to 7 m., although the depths of the lakes are distinctly greater. It has 
been reported that in Lough Derg liclaiid, the young of D. longispina 
have the usual migration, being at or near the surface during the night and 
near the bottom during the day but that, strangely enough, the adults 
perform a reverse type of migration, being in the strongly lighted waters 
during the day and in the deeper waters during the night. From Japanese 
lakes and elsewhere come reports that this daphnid is restricted to the 
hypolimnion ; that it tends to move upward during the night; but that not 
a single individual occurs above the thermo(dine. It appears that the 
various forms of 1). Umgispina, of which there are many, may differ in 
migration behavior; for example, it was found that in a certain Wisconsin 
lake the form having rounded crests or helmets did not show diurnal 
movement, while that form with pointed crests showed such movement; 
in another lake containing both forms, the migration behavior was 
exactly the reverse; in still another lake containing both forms, both 
manifested diurnal movement. 

Other Entomostraca. Among the plankton Crustacea, the follow- 
ing common, widespread species exhibit diurnal movements, at least in 
some lakes and under certain conditions. The lists are not intended to 
be complete; there are many other such examples: 

Cladocera: Daphnia reirocurva^ Daphnia pulex^ Diaphanosoma brach- 
yurum, Bosmina longirostris, and Polyphemus, 

Copepoda: Epischura lacustrisy Limnocalanus m-acrurvs, certain species 
of DiaptomuSy and Cyclops, 
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Rotatoria: Keratella (Anuraea) cochlearis, Ploesoma truncatum, and 
others. 

Seasonal Differences in Diurnal Movements. This subject is in such an 
incomplete and confused state that any attempt to construct a condensed, 
consistent summary of what is known about it is most bafBing. That the 
diurnal movements of some plankters are influenced by the succession of 
seasons in temperate regions seems to have been demonstrated, but the 
modifications are very diverse in different lakes and different species. 
Some of the findings seem to be contradictory. It has been claimed that 
with the advance of winter conditions the center of population of certain 
plankters rises toward the surface and then the diurnal movements 
become restricted to a narrower range during the winter. Certain 
species of Daphnia are said to behave in this way in some lakes. Cessa- 
tion of diurnal movement in the plankton Crustacea has been reported in 
certain P]uropean lakes during that part of summer in which there is the 
greatest heating of the water, resumption of the diurnal movements 
occurring only when the temperature of the water has dropped to a lower 
level. Plew and Pennak (1949) made a year-round study of the vertical 
movements of zooplankters in an Indiana lake and found that the cope- 
pods {Cyclops hicuspidatvSf Diaptomus birgei, and nauplii), one Cladocera 
{Daphnia longispina)^ and one rotifer {Kellicoitia longispina) show diurnal 
movements at all seasons; that the amplitude of diurnal movements was 
much greater in winter than in summer; and that the general population 
of Diaptomus birgei exhibited a slow seasonal drift upward into the surface 
waters starting in autumn and then reversed this drift beginning in the 
spring. These are but samples of the many published conclusions. 

Speed of Diurnal Movements. Since, in some instances, the diurnal 
movement of certain plankters covers a large vertical distance, it is a 
matter of interest to know the speed at which the ascent and descent are 
made. This speed differs with (1) different plankters, (2) different 
environmental circumstances, and (3) age of the individual plankter. A 
satisfactory understanding of the speed of this movement depends upon 
the determination of {a) time of departure from the lowermost position 
and the time of arrival at the uppermost position, {b) distance covered, 
and (c) rate of movement in different parts of the journey. If it is true, as 
claimed, that certain plankters (Cladocera) do not swim directly in a 
vertical direction in this diurnal movement but, instead, arrive at their 
destinations by a diagonal path, then the distance traversed is greater 
than the depth of the water in a vertical direction. The many computa- 
tions recorded in the literature show a wide variety of rates of movement. 
Table 20, taken from one of the most recent contributions on this subject, 
indicates the speed of diurnal movement of some of the plankton Crusta- 
cea in Lake Lucerne, Switzerland. 
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upon the form of the body and upon the swimming position of the major 
body axis. It has recently been found that large Daphnia narcotized to 
eliminate all voluntary movements sink steadily in water at the rate of 
about 1 m. in 200 sec. Small Daphnia, having much greater surface 
resistance compared with their volume, sink more slowly. When these 
sinking rates are compared with calculations of the actual descent rate of 
the young active forms in water under normal conditions, it appears that 
the descent is not a passive sinking but must involve an active downward 
swimming. 

Causes of Diurnal Movements. The causes of diurnal movements are 
but partly understood. Various hypotheses have been proposed, and 
evidence accumulated in their support, but none has thus far been 
adequate as a general explanation. Diurnal migration even within a 
single species may be difficult to account for when it is found that the 
behavior of individuals of the same species differs in different lakes. The 
different behavior of species in different situations has already been dis- 
cussed. It is neither possible nor desirable to review here all of the 
various attempted explanations; therefore, only a brief account of the 
present status of this subject will follow. The reader is referred to the 
papers of Juday (1904), Russell (1927), Rose (1925), Worthington (1931), 
Clarke (1933), and others for greater detail. 

The best work on this subject indicates rather definitely that not one 
factor but several factors interact in the production of some, and proba- 
bly all, forms of diurnal movement. The principal factors involved 
appear to be light, temperature, food, and gravity. It is also possible 
that still other factors may sometimes influence the reactions. 

It seems reasonably certain that light is the most important factor in 
most forms of diurnal movement, but it is not known whether the 
response is due to intensity per se or to change of intensity. Rise to the 
upper waters in the evening and descent into deeper waters in the morning 
coincide with the diurnal light rhythm. Responses to light changes of 
less magnitude than those of day and night are found in some of the 
Crustacea which occur nearer the surface on cloudy days or which may 
occupy the upper wat ers on a cloudy day in almost as great a concentra- 
tion as at night, while totally absent from the upper stratum on a bright, 
clear day. Other Crustacea, however, may not show themselves so sensi- 
tive to the light changes of cloudy and clear skies. 

According to one current theory, each species has its own optimum 
light intensity to which it will always migrate when possible. As light 
declines during the afternoon, the plankter follows this optimum intensity 
toward the surface. With the advent of night, the light intensity falls 
far below this optimum, and, according to this explanation, the stimulus 
for upward migration being this eliminated, the organism is free to go 
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where it will, possibly becoming evenly distributed throughout its diurnal 
vertical range. With the onset of the following day, this postulated 
optimum light intensity, appearing first at the surface and then gradually 
to lower and lower levels, causes a retreat into the deeper water, ulti- 
mately reestablishing the more restricted day range of the species. This 
hypothesis, originally proposed to explain the diurnal movements of cer- 
tain marine plankters, has been thought by some to hold for some plank- 
ters of fresh water. Worthington (1931) tested it in connection with his 
studies of the vertical movements of the fresh-water macroplankton in 
Lake Lucerne, Switzerland, and Victoria Nyanza, Africa, and found the 
following weaknesses: (1) Descent of the migrating plankters is completed 
well before the sun reaches its zenith ; (2) the main upward movement does 
not start until dusk and continues for several hours after darkness pre- 
vails; and (3) there is very little tendency to a random distribution during 
the late hours of darkness. Other objections to the theory that this 
movement is purely a light reaction appear, such as (1) the lack, at least 
in some waters, of a direct relation between the transparency of the water 
and the depth to which the migrating plankters descend during the day; 
(2) the fact that certain plankters may leave the surface waters as much 
as 2 hr. or more before sunrise, at a time when there is little if any increase 
of the light over the average darkness condition of that particiilar night; 
and (3) moonlight is said to have no appreciable effect on the vertical 
movement of plankton Crustacea. These and other difficulties indicate 
that while light may be a very important influence in producing diurnal 
movements, it is conditioned by other factors operating simultaneously 
in the same environment. 

Certain attempts to account for diurnal movements as purely tempera- 
ture phenomena, resulting from changes in viscosity of the water brought 
about by temperature changes of day and night, have failed owing largely 
to the fact that temperature-viscosity changes so often do not correspond 
with movements of the plankters nor are they always of sufficient magni- 
tude. It seems well established that temperature cannot be regarded as 
either the direct or the indirect cause of diurnal movement. However, 
it has been definitely shown, both in field work and in laboratory experi- 
mentation, that temperature conditions may affect the nature of light 
response, one important modification being that a high temperature 
increases the negative phototropism while a low temperature lessens or 
even reverses it. 

Explanations of diurnal movements on the basis of food refations are 
founded largely upon the fact that the phytoplankton is most abundant 
near the surface, thus making such a region rich in food for the migrating 
forms. The movement of some plankters toward the surface and out of 
regions in which the food is nearly, if not fully, as abundant as at the sur- 
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face; occupancy of or movement into regions of greatly reduced food; and 
other phenomena seem to cast doubt on this explanation. 

That response to gravity (geotropism) may be involved in the causes of 
diurnal movement seems to have some basis. Existence of a geotropism 
has been demonstrated experimentally, and field observations seem to 
yield confirmatory evidence. In fact, it has been claimed (Dice, 1914), 
for example, that the diurnal movements of Daphnia pvlex are caused 
chiefly by variations in geotropism induced by changes in light intensity. 
Increase of light intensity is said to produce a tendency to positive geo- 
tropism in some plankters, while a decrease in light intensity results in a 
tendency to negative geotropism. Temperature also affects this geo- 
tropism, high temperatures producing a tendency to positive geotropism 
and low temperatures a tendency to negative geotropism. 

One proposal is that of Worthington (1931) which explains diurnal 
movements on the interaction of geotropism and heliotropism (photo- 
tropism). 

The organisms may be regarded as being undei* the influence of two forces: 
(1) a negative geotro]>ism, acting persistently from below and causing them to 
congregate in the upper layers; and (2) a negative heliotropism, acting inter- 
mittently from above and causing those species which are susceptible to light to 
descend during the day. Light forces them down into the lower layers during 
the morning; after midday, they are free to move upward slowly; but it is not 
until dusk that negative geotropism has full sway and the organisms start their 
main upward movement. ... It is only those organisms which are not capable 
of adapting themselves completely to changing light intensity in situ that must 
migrate downwards during the day. But why is it that they should prefer the 
upper water layers and should go to the astonishing expense of energy of swim- 
ming upward against gravity through some 50 m. of water every evening? . . . 
Most species are filter feeders, dependent upon the nannoplankton, which is 
most abundant in the u[)per layers; it is suggested, therefore, that hunger is the 
ulterior rejison why they should seek the upper layers. Thus, those species which 
are less susceptible to light . . . have an advantage in that they spend much 
more of their time in their food regions. 

It will be seen from the foregoing discussion that the diurnal movement 
of plankton organisms is not a simple phenomenon but is rather one which 
involves the interaction of several factors, the relative importance of each 
varying with the particular circumstances operative in different kinds of 
waters. That the causative factors are environmental and not within the 
organisms seems cert.ain. A physiological rhythm has been claimed for 
certain marine plankters which results in an upward and downward migra- 
tion even after the effects of light and other stimuli are removed. Possi- 
bly, physiological rhythm occurs to some extent in certain fresh-water 
plankters, but such rhythm, if it really exists, may be merely a reflection 
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of the periodic changes of the environment and possibly should be looked 
upon as a result rather than a cause. 

Seasonal Distribution of Plankton 

Qualitative Relations. Ordinary unmodified water existing under con- 
ditions of approximate biological equilibrium supports a plankton com- 
posed of a set of plants and animals, the individual components of which 
are usually present, somewhere in the water and in some life-history stage, 
throughout the year and during successive years. Certain plankters 
apparently disappear at certain periods and reappear during others. 
Such disappearance is, as a rule, only an apparent one, due to such 
phenomena as (1) existence of the species in such extremely small numbers 
of active individuals that plankton collections rarely show them; (2) 
existence of the species only in an encysted stage, in a resting egg, or in 
some other form of quiescence; and (3) intervals between broods or gen- 
erations. The active plankton stage in the life cycle or in the seasonal 
(?ycle of a species may thus disappear temporarily from the plankton 
proper, although existing elsewhere in the same general environment. 
Under special circumstances, a true disappearance followed by a restock- 
ing of the species from some other source may occur, but such a condition 
is not common. At no time during the year is there an absence of all 
a(*.tivc plankters from the open water. 

Quantitative Relations. Total Volume of Plankton, The total volume 
of plankton varies from season to season in all waters. The form and 
amount of the variation are not the same in all kinds of aquatic situations, 
l)Ut in the temperate lakes, particularly those of the first and second 
orders, the total annual production often takes the form of a biraodal 
curve presenting two maxima, one in the spring and one in the autumn, 
and two minima, one during the summer and the other during the winter 
(Fig. 33). This means that the greatest crops of plankton oc(Jur in spring 
and autumn and that the production reaches its lowest condition in late 
summer and late winter. While seasonal variations in different years 
may cause the dates of the maxima and minima to shift somewhat, these 
periods in the lakes of northern United States usually appear as follows: 
spring maximum, April to May, occasionally early June; summer mini- 
mum, usually in August; autumn maximum, late September to October; 
winter minimum, Febniary to March. While the relative sizes of maxima 
and minima follow no fixed rule, the spring maximum commonly exceeds 
the autumn maximum, and the winter minimum is usually 'somewhat 
smaller than the summer minimum. It is interesting to note here that 
plankton production in the temperate seas manifests the same succession 
of maxima and minima. 

Differences in the amounts of plankton (standing crop) at times of 
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maxima and minima vary greatly with various lakes and with environ- 
mental circumstances. It is commonplace to find a maximum which 
shrinks to one-third its original size to form the succeeding minimum. 
Still greater differences may occur. 

It must be understood that the total plankton referred to above 
includes both nannoplankton and net plankton. In most, if not all, 
natural waters, the nannoplankton greatly exceeds in quantity the net 
plankton. Therefore, unless both are included in the examinations, the 
true nature of this seasonal periodicity may not be discovered. In fact. 



Fiq. 83. Curves shewing amount of dry organic mat tor in the net plankton, the nan- 
noplanktori, and the total plankton of Lake Mendota, Wisconsin, in 1916 and 1917. Curve 
A represents the toted jdankton; curve B, the nannoplankton; and curve C, the nU plankton. 
Quantities are expressed in terms of the number of milligrams per cubic meter of water. 
{Redrawn from Birge and J uday, 1922.) 

the net plankton may give a very different and wholly misleading picture; 
for example, it has been shown in some lakes that the net plankton alone 
exhibits only a mere hint of a spring maximum, the autumn maximum 
being the only one indicated in well-defined form, although the actual 
condition of the total 'plankton is that of the typical maxima and minima, 
with the spring maximum larger than the autumn one (Fig. 33). Of the 
two kinds of plankton, the nannoplankton very much more nearly indi- 
cates the true nature of the seasonal quantitative changes. 

The annual bimodal type of plankton production, as just described, is 
commonly to be expected in medium to large lakes ha\ing considerable 
depth, but it is important to know that among the various kinds of 
smaller, shallower lakes the pattern of total annual plankton production 
may be very different. Some lakes have been reported as manifesting no 
plankton maxima or minima; some, with three maxima and three minima. 
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It is suspected that still other forms of annual quantitative production 
exist. In the absence of dependable information, no lake should be 
assumed in advance to perform according to any particular type. 

Seasonal History of Species and Groups of Species. In order to under- 
stand the way in which rhythmic, seasonal changes in total plankton are 
produced, it is necessary to consider the seasonal history and sequence of 
the various plankters and groups of plankters. One point can be settled 
at once, viz., that the maxima and minima described above are not due to 
simultaneous quantitative increases and declines of all of the plankters 
which compose the plankton of a lake. 

While certain groups of plankters sometimes tend to act similarly, it is 
difficult to make any general statements because of numerous exceptions, 
deviations, and necessary reservations. Statements are common in the 
literature that diatoms dominate the whole winter plankton; that the 
blue-green Algae (Myxophyceae) and the green Algae (Chlorophyceae) 
virtually disappear during the winter; that the bacteria and fungi show no 
very definite seasonal periodicity; and so on. Pearsall (1932) reports 
that in the English lakes (1) diatoms flourish in the winter and spring 
when the water is richest in nitrate, phosphate, and silica; (2) green Algae 
and desmids occur in the summer when the nitrates and phosphates are 
low; and (3) the blue-green Algae have a general correlation with that 
time of year when the organic matter is high and are able to grow abun- 
dantly in minimal quantities of nitrate and phosphate. However, such 
general statements, when applied to lakes at large, have at most only 
limited value. Furthermore, each of the groups of plankters is composed 
of many diverse genera and species, most of which exhibit such an indi- 
viduality and such an independence of behavior that attempted general 
statements must be used with care. It is therefore necessary to approach 
this matter from the standpoint of the individual plankters and the type 
of water which they occupy. While the plankton is an organic com- 
munity in which exist many interdependencies, it must be remembered 
that each component of this heterogeneous assemblage has its own form 
of life cycle, its own problems of maintenance, and its own characteristic 
reactions to stimuli; also, that these features may differ even among those 
species which are most closely related taxonomically. The plankton 
community is, in this respect, no different from some terrestrial com- 
munity in which each of the various species, while influencing associated 
organisms in many ways, has its own individual sequence of life-history 
stages, generations, and reactions. 

Each plankter is directly or indirectly subject to the complex of influ- 
ences which changes of seasons impose, and the proper responses must be 
made, some of which result in quantitative changes, i.e., increases or 
decreases of size of the population. The annual quantitative history of 
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many plankters is a succession of appearances and disappearances or of 
waves of development followed by decline. These setiuences of increase 
and decline vary greatly in magnitude. In some species, the amplitude 
of rise and fall in quantity, while distinct, is not great enough to produce 
more than minimal changes in the total plankton population; in others, 
the change is so great that a wave of development of a single plankter may 
be suflScient to dominate numerically a whole plankton population and 
even produce the greater part of a seasonal maximum. All sorts of 
intergrades between these two extremes occur. The periods of quantita- 
tive increase and decline of the individual plankters do not, in many 
species, coincide with the seasonal minima and maxima of the total plank- 
ton described previously; in fact, certain species may exhibit their maxima 
during the general seasonal minima, and vice versa. Also, certain plank- 
ters may show" a considerable number of these waves and depressions. 
These waves of numerical increase are known as plankton pulses. While 
in some species these pulses may approach a certain regularity of appear- 
ance, in a great many plankters their occurrence is sporadic, unpredicta- 
ble, and fre(j[uent or infrequent. In some instances, they may be present 
during one season and absent during the same season of the succeeding 
year. They also may vary greatly in magnitude in the seasonal history 
of a single species. They may occur simultaneously with one or more 
pulses of another plankter at one time and at different times during 
another season. The rate of development of a pulse varies greatly, some 
plankters increasing slowly and more or less uniformly to the maximum, 
while others may show an almost startling burst of development, rising 
from an apparent absence to a numerical dominance of the whole plankton 
in a very short period. Disappearance of the pulse may also be deliberate 
or precipitous. While some plankters may not show pulses at all in par- 
ticular lakes, there are excellent reasons for believing that every plankter 
has the potentialities for developing pulses. Without ciuestion, the high 
rate of reproduction and the short life cycles of plankters create the 
setting for plankton pulses, so that with the advent of more favorable 
conditions, such as increased abundance of food, more optimum physical- 
chemical conditions in the water, and greater release from enemies, a 
plankton pulse is possible. Furthermore, the make-up of a favoraVjle 
environment for one plankter differs from that of others to greater or less 
degree; also, the interplay of factors in a body of water is a continually 
dynaimc performance. Thus plankton pulses become inevitable. A 
reversal of favorable conditions leads to reduction of numbers of indi- 
viduals and the disappearance of the pulse. The possible frequency and 
irregularity of plankton pulses necessitate frequent sampling in a body of 
water if dependable information is to be obtained. Figures 34 and 35 
indicate the nature of these plankton fluctuations for certain seasons in 
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Lake Mendota, Wisconsin, fluctuations which typify but do not neces- 
sarily duplicate the similar changes in other comparable lakes of northern 
United States. 

Having described briefly the course of events in ii^dividual plankters, 
it will now be possible to consider the composition of the spring and 
autumn maxima and the summer and winter minima. Since each plank- 



Fig. 34. Diagram showing q\iantitative seasonal changes in the net plankton of Lake 
Mendota, Wisconsin, in 1916 and 1917. The foUowing abbreviations indicate the various 
plankters and materials: Di, Diaptomus; Cy^ Cyclops; Na, Nauplius; Z>a, Daphnia; Ho, 
Rotaioria; Ce, Ceralium; Mi, Microcystis; Co, Codosphaerium; Ap, Aphanizomenon; An, 
Anabaena; Ly, Lyngbya; Sm, Staurastrvm; Me, Mdosira; Ta, Tabdlaria; Fr, Fragitaria; 
As, Aateriondla; St, Stephanodiscus; Om, organic matter. {Redrawn from Birge and Juday, 
1922.) 


ter manifests its own periods of increase and decline which may or may 
not coincide with those of the other surrounding plankters, it becomes 
evident that the big periodic maxima and minima are not the result of the 
simultaneous increase and decline of all of the plankters. Plankters 
which may show a maximum at the time of the general spring ^maximum 
may be absent at the time of the autumn maximum; certain plankters 
come to their greatest development during the summer or the winter mini- 
mum; some plankters may show little quantitative differences throughout 
the year; some show but one maximum; and still other forms of deviation 
exist. The large, annual rhythms (maxima and minima) are the result 
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of conspicuous increases and declines in certain, often few, plankters 
accompanied by others whose quantitative changes have smaller effects 
on the whole mass. The spring maximum may contain very influential 



Fig. 35. Diai^ram showing the quantitative seasonal changes of the various organisms 
in the nannoplankton of Lake Mondota, Wisconsin, 1910 and 1917. The following abbre- 
viations have l)een used for the different organisms: 72fe, Jlhizopocla; Ch, ChlorochromonoB; 
Ct, Cryptomonas; Ci, Ciliata; Ap, Aphanocapsa; Ar, Arihrospira; Cc, Chroococcus; Cl^ 
Closlerium; Co^ Codoaphaerium; Cm, Coamarium; Oo, Oocyatia; Sc, Scenedeamua; Sp, Sphaero^ 
cyatia; Ca, Cocconeia; Cy, Cyclotdla; Sa, Step^nodiacua aatraea; St, Stephanodiacua; Om, 
organic matter; Fd, fragments of diatoms; Fa, fragments of Aphanizomcnon. {Redrawn 
from Birge and Juday, 1922.) 

plankters, some of which may participate little if any in the autumn maxi- 
mum, their places being taken by other species. It may happen that a 
single plankter dominates conspicuously a whole maximum, although the 
usual situation is one in which several species participate. Those plank- 
ters which exhibit their maximum numbers during the summer or the 
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winter minimum are, nevertheless, under such environmental control that 
they alone cannot markedly influence the minimum level of the plankton 
population at that time. The striking thing is that this periodic, annual 
rhythm is so general an occurrence, although produced, to some extent at 
least, in different ways and by different plankters in different kinds of 
lakes. 

Causes of the Annual Maxima and Minima, The general coincidence 
of the spring and autumn maxima with the spring and autumn overturns 
naturally led to a search for causal relations arising out of the overturns. 
Release of decomposition products at the bottom; complete aeration of 
the lake, or at least a much larger part of it, as in the lakes of the first 
order; circulation of nutrient substances previously accumulated at the 
bottom— these and other effects of the overturns have been interpreted as 
presenting the most favorable conditions during the year for plankton 
})roduction, and hence the great quantitative increases which follow on 
liie heels of the overturns by those species which respond most vigorously 
to these supposedly optimum conditions. It must be constantly kept in 
mind that the make-up of optimum conditions for one plaukter may be 
and often is different from that of another. Therefore, all that can justly 
be said of these spring and fall overturn conditions is that it seems evident 
that they do develop optimum conditions for certain plankters and that 
among these are the diatoms, which do respond vigorously to the new 
conditions, with the result that diatoms are often the chief forms con- 
(!erned in the production of the spring and autumn maxima. Objections 
have been raised to the overturn explanation on the })asis that the spring 
and autumn maxima occur in lakes which are too shallow to have a 
thermocline and are therefore presumably in more or less complete cir- 
culation throughout the year except at times of ice cover. For these 
shallow waters, explanations have been offered, based upon seasonal floods 
(spring and fall) which transport c|uantities of essential substances 
(nitrates, silica, and others) into them in a short time. However, for 
shallow lakes without inflowing surface waters of consequence, this form 
of explanation has no bearing. 

Other explanations have sought to use temperature, light, dissolved 
oxygen, and certain other environmental factors as the bases for these 
annual rhythms. One theory holds that phosphorus is the limiting fac- 
tor. The phytoplankton requires a supply of nitrogen, potassium, and 
phosphorus; nitrogen and potassium are usually available ,in natural 
waters in quantities ample for the demands, but it is held that phosphorus 
is usually present in such limited amounts that it must act as a limiting 
substance in the growth of the plankton Algae. According to this theory, 
the small quantities of soluble phosphorus in the upper waters — that 
region occupied by the phytoplankton — is soon exhausted by the increas- 
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ing growth of phytoplankton, thereby converting favorable into unfavor- 
able or limited conditions which prevail throughout the summer or the 
winter, as the case may be, until there is a renewal of the supply of phos- 
phorus which is supposed to occur in the spring and in the autumn. 
Serious objections to this theory have come out of work done by Juday, 
Birge, and co workers (1928) on Wisconsin lakes in which it was shown 
that only a small quantity of soluble phosphorus occurs in the upper 
waters in spring and summer and that in most instances virtually no 
decrease in the phosphorus content occurred as the summer progressed, 
and this in spite of the fact that some of the lakes supported a fairly 
large crop of phytoplankton in July and August. Furthermore, in some 
lakes there was an actual increase of soluble phosphorus in the upper water 
between May and July or August. In at least one lake, no trace of solu- 
ble phosphorus was found in the upper 3 m. of water in early July, and 
none in the upper 2 m. in late August, yet an abundant growth of phyto- 
plankton occurred in these strata at both times. 

Krogh and Berg (1931) have found a close coincidence of the Cladocera 
spring and autumn maxima with the spring and autumn maxima of the 
carbohydrates and crude proteins in the phytoplankton of a Danish lake 
and consider this coincidence as of causal significance. The fat content 
was low and showed no outstanding coincidence. 

It does not seem possible to designate any single factor or influence as 
the sole cause of the periodic maxima and minima. Doubtless, they are 
the result of the interplay of a combination of factors acting at different 
intensities. There are still reasons for considering the multiple events 
concerned in the overturns as having some intimate relations to the 
maxima in lakes manifesting thermal and chemical stratification. It 
does not necessarily follow that the annual maxima and minima in all 
kinds of waters are due to the same combination of causes. 

Other Forms of Plankton Production, Sometimes and in some waters 
plankton production lacks any regular periodicity. Maxima and minima 
may occur sporadically and apparently defy prediction. Such irregu- 
larity may manifest itself both in total mass production or in individual 
plankter performance. Conspicuous among these instances of irregular 
waves of maxima and minima are the so-'called “ blooms of certain phyto- 
plankters in which certain species suddenly appear in the water in tre- 
mendous abundance and then subsequently become reduced to modest or 
sometimes insignificant numbers. Blooms are known almost entirely 
from summer observations, although there appears to be circumstantial 
evidence that they may occur in winter. Several blooms may occur in 
the same lake during a single summer and in what seems to be a com- 
pletely sporadic sequence. The principal participants in such blooms are 
certain species of blue-green Algae (Myxophyceae), such as Aphanizo- 
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menon JU>8-aquaey Microcystis aeruginosa^ Microcystis flos^aquae, Gheo^ 
irichia echinulatay and several species of Anabaena. These Algae float 
high in the water and may even form “scums'' at the surface. At times 
they may predominate in plankton drifts (page 232) formed under the 
influence of onshore winds. Sometimes these blooms are of such a magni- 
tude that they upset the biological balance of a lake, pond, or reservoir, 
causing the death of fishes and other aquatic organisms. Prescott (1948) 
recently published an excellent account of this subject. He described 
experiments which indicate that fish may succumb to toxic products such 
as hydroxylamine or hydrogen sulfide that are released into the water 
when great masses of these blue-green Algae decompose. For additional 
information, the reader is referred to Prescott's account. Pennak (1949) 
described an unusual bloom in a Colorado mountain lake in which stupen- 
dous quantities of certain blue-green Algae were produced and which per- 
sisted through one summer. Lackey (1949) presented an excellent 
general review of the whole subject of blooms, their nature, occurrence, 
and causes. His statement of causes is as follows: 

Highly special or local causes may occur at times, but there seems little reason- 
able doubt at present that one or more optimal conditions — flight, temperature, 
pH, food — produce them, and perhaps the most compelling of these is the nutrient 
content of the environment. Many laboratory studies have indicated that 
nitrogen and phosphorus relationships are perhaps the most critical. 

Seasonal Changes of Body Fokm in Plankton Otiganisms 

One of the most unique phenomena in the biology of plankton organ- 
isms is the occurrence, in many plankters, of seasonal changes of form 
(cyclomorphosis) some of which are so striking that the summer and winter 
forms of the same species would certainly be supposed to represent differ- 
ent species by an observer unacquainted with the facts. While all plank- 
ton organisms do not manifest such seasonal changes, they do occur in a 
large number of plankters, both plant and animal, scattered through the 
whole taxonomic range of the plankton series. Figure 36 indicates the 
general character of these seasonal form changes. A great body of infor- 
mation relating to these seasonal variations and to the general biology of 
the organisms exhibiting them is now available. Much of the work has 
dealt with the fresh-water Cladocera, since they manifest these seasonal 
form changes in a conspicuous way and have been found to be especially 
favorable material for such studies. 

Morphological Character of Form Changes. These seasonal changes 
of body form differ so greatly in the different plankters that there seems 
to be only one feature common to most of the instances, viz., that the 
change from the winter to the summer form is in the nature of an increase 
of body surface compared to the body volume, while the transformation 
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Fio. 36. Outline drawings of certain plankters which manifest seasonal changes in body 
form. 

The upper series represents seasonal variation in Daphnm cucuUata; the numbers below 
each figure indicate the date on which that particular body form was present (the upper 
numeral represents the month and the lower one the day of the month). In the summer 
generations, the crest is much higher than in the winter and the whole body form is more 
slender. 

The middle series represents seasonal variation in Boamina coregoni; the numbers below 
each figure indicate the date. During the summor, the body is higher than long, while 
in the winter it is longer than high; in summer, the antennae are more than twice as long 
as in winter; also the eye is largest in winter. 

The lower series represents seasonal variation in a rotifer, Aaplanchna priodonta. The 
dates are indicated below each drawing. 

It should be understood that in tlie three series the outlines of the animals are all drawn 
in the same position for purposes of comparisc^^i. although actually the normal orientation 
of the animal in the water differs not only in the different species but also in the same 
species at different seasons. 

{Redrawn and alighdy modified from W eaenberg-hund, 1910.) 


of summer into winter form is of the reverse sort. The following instances 
are offered merely as examples of some of the many types described as 
occurring in natural waters: (1) the flagellate Dinobryon shows a tendency 
in summer to have longer stalks and more acute angles between the indi- 
vidual branches; (2) the well-known Ceratium hirundineUa develops in 
summer a fourth horn or else produces a longer, narrower body form; (3) 
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among the Cladocera, certain species of Bosmina develop a body in sum- 
mer which is higher than long, with a longer beak and longer posterior 
spine (mucro), the reverse of these conditions characterizing the winter 
form; in the Daphnia group, the summer form is commonly distinguished 
by the elongation of the head into an angular crest, a general enlargement 
and elongation of the trunk, and often an elongation of the caudal spine, 
while the winter form exhibits a low, rounded head, a smaller trunk, and a 
shorter, terminal spine; and (4) among the rotifers, those nonloricate 
species manifesting this seasonal change of form commonly approximate 
the general features indicated in Fig. 36 (lower row) ; while the loricate 
species show changes in body size, changes in number and development 
of anterior spines, and degree of development of the terminal spine, if 
present. These changes in rotifers occur mostly in ponds; less frequently 
in lakes. 

General Biological Features. Out of the great body of information 
which has been built up about the subject of seasonal changes of form, 
certain general biological considerations should be mentioned here. The 
following statements are based largely upon the summary by Wcsenberg- 
Lund (1926). 

1. Seasonal change of form is best developed among the perennial 
species; least, if at all, developed among those summer forms which seem 
to disappear during the winter. 

2. Seasonal changes of form may take a different aspect in different 
lakes due to local variations. 

3. Transition from the winter to the summer form does not take place 
through a gradual series of transformational stages but, instead, occur 
almost abruptly, often requiring only 2 or 3 weeks; in the autumn, how- 
ever, the transition from the summer to the winter forms is a gradual one. 

4. Regardless of the extent to which local variation may diversify the 
character of the summer forms of the perennial species in different lakes, 
winter brings a convergence in all of the species to the same type of body 
form, which in each species is invariably the same, at least over fairly large 
regions. 

5. The change of form appears in the passage of one generation into one 
or more succeeding generations and not by growth changes within a single 
generation. 

6. Once the summer body shape has been attained, the form is not 
appreciably changed during the summer season. 

7. Seasonal change of body form among the Cladocera and the Rotatoria 
seems to be restricted to the female sex. 

8. A few plankters exhibit a seasonal change of body form which 
appears to be a reversal of the usual sequence, e.g., in the rotifer Keratella 
{Anuraea) cochlearis whose summer form is smaller with reduced spines 
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and a more compact body, while the winter form shows a larger, more 
elongated body with greater development of both anterior and posterior 
spines. 

9. Coincident with appearance of the summer forms of the perennial 
species, the periodic summer species (apparently not present during win- 
ter) begin to appear, with the result that early in summer the plankton 
community takes on a very different appearance from that exhibited dur- 
ing the winter and early spring. 

10. It has been claimed that these seasonal forms arc not developed in 
arctic, alpine, and such northern lakes as do not have wide annual varia- 
tions of temperature but are restricted to the low-lying lakes of the tem- 
perate zone. 

Causes and Interpretation of Seasonal Changes of Form. The causes 
and significance of these seasonal form changes have long been of interest 
to those biologists working with the organisms manifesting them. A 
great array of investigations has dealt with these matters, yielding much 
valuable information and conflicting views. Years ago two different 
interpretations largely monopolized this field, representing two different 
schools of workers, one led by the Danish limnologist Wesenberg-Lund, 
and the other by the German limnologist Woltereck. Some of the inter- 
pretations of these two eminent leaders and their students are in direct 
contraposition. 

The first serious approach to an interpretation ot seasonal changes of 
form was made by Wesenberg-Lund (1900, 1926) who offered the explana- 
tion that these forms were the result of changes in the density of the water 
arising from seasonal changes of temperature. The essence of his theory 
was essentially that plankters which must of necessity occupy a certain 
stratum of water are adjusted to the buoyant power of water at a certain 
density; that since seasonal temperature changes automatic^ally producci 
alterations of water density of some magnitude, the plankters must either 
(1) sink or rise, as the case may be, into layers of water in which they could 
not commonly live, or (2) alter in some way their floating or swimming 
ability; and that these seasonal changes of form seemed to develop 
strongly just those structures and elements of body form which either 
increase or decrease their flotation. Rising temperatures in spring pro- 
duce decreasing density values of the water, and the plankters therefore 
either show a greater tendency to sink or else sink at a more rapid rate. 
To meet this exigency, some of the plankters, according to Wesenberg- 
Lund, respond by the rapid development of the summer forms, with their 
various methods of increasing the exposed surface compared with the 
body volume, thus readjusting their flotation to the new conditions. 

Shortly thereafter, Ostwald (1902) also proposed the origin of these 
seasonal forms in the physicochemical changes of the water, emphasizing 
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particularly the idea of the regular seasonal variations in the viscosity of 
the water as the main stimulus in the production of these seasonal varia- 
tions. While he specified a different physical factor, viz., viscosity, it will 
be recognized at once that Ostwald's explanation has the same general, 
central idea as had the original Wesenberg-Lund hypothesis; but since 
the viscosity is more intimately concerned with the sinking rate of sub- 
merged objects than is density, it appears that that particular portion of 
Ostwald’s proposal is more nearly correct, a feature which Wesenberg- 
Lund subsequently conceded. The work of these two investigators thus 
brought into existence the buoyancy theory as it has long been known. 
The term buoyancy was used in describing the role of those morphological 
developments which decrease the rate of sinking, so that plankters 
possessing them were supposed to be able to keep in the proper strata of 
water. Woltercck and his coworkers championed a different explanation 
for the origin of the seasonal changes of form, viz., that they are due to 
seasonal variations in the nutritive materials in the water, support for 
which was derived both from nature and from many laboratory experi- 
ments. It was contended, among other things, that the prolongation of 
the major axis of a body cannot be regarded as a method of augmenting 
the cross-section resistance of that body; also, that these form changes are 
intimately con(;erned in locomotor activities. 

As a part of the effort to solve this intriguing problem of change of body 
form, transplantations of certain plankters were made into geographical 
regions in which they were not indigenous and in which the seasons and 
temperature relations are of a different type. As an instance, Woltereck 
transplanted Daphnia cucullata from Denmark into Lake Nemi (Rome, 
Italy) in 1914. As reported by Ancona (1927), it was recovered in 1922 
and 1924“ 1920. In this Italian lake, the seasonal variation of D. cucullata 
did not follow the temperature directly but was greatest in autumn with 
low temperature and smallest in spring with high temperature. It was 
found that the response in the new environment, both in seasonal varia- 
tion and in the performance of the sexual cycle, was due in part to the 
external factors and in part to the inherent hereditary factors. 

Of later years scvcral^American investigators have carried on researches 
in this field. Coker and Addlestone (1938) and Coker (1939), on the basis 
of laboratory experiments, hold (1) that changes of form in Daphnia are 
not the simple result of external factors or of any inherent cycle, but 
instead are due to some combination of internal and external conditions; 
and (2) that temperature per se acting directly upon the embryo is a 
significant factor. Recently, Brooks (1946) presented an extensive 
critical review of the literature, the problem of cyclomorphosis in Daphnia, 
and results of his own studies. Among other things, he also found tem- 
perature to exercise an important controlling influence. He also reported 



266 


LIMNOWQY 


(1947) that adult Daphnia hngispina reared in turbulent water in the 
laboratory produced helmets larger than those reared in nonturbulent 
media, thus apparently establishing water turbulence as another environ- 
mental factor involved in helmet development. 

The causes of cyclomorphosis are still obscure. At the present time it 
appears that the underlying influences may be very complex and that 
much critical research is required before they will be revealed in full. 

Local Variations in Body Form of Plankters 

At this point, it is necessary to indicate more specifically the nature of 
the local variations which aid in diversifying the appearance of the plank- 



Fig. 37. Outline drawings of Daphnia hyalina indicating the nature of its local varia- 
tions. In tlie upper row are shown the summer races from different Danish lakes. The 
lower row represents winter races from the same lakes. The summer races differ greatly 
from each other; the wiiitcsr races have much the same appearance. {Hedrawn from 
Wesmherg-Lu7id, 1910 .) 



ton. The periodic;, seasonal variations discussed in the preceding pages 
develop in the different localities along parallel lines so that their essential 
features arc usually recognizable. However, as already mentioned, these 
seasonal variations are not identical in appearance in the different 
localities even in the same region, owing to the existence of local variations. 
These local variations commonly manifest themselves as modifications of 
the amount or degree of development of the seasonal variation (Fig. 37). 
According to Wesenberg-Lund (1910), there are species which manifest 
local variations so freely that every lake may practically be said to have 
its own race, and these racial characters seem constant from year to year, 
especially in some of the daphnids. Irrespective of the degree of diversity 
produced by the local variations, these plankters (rotifers and Cladocera) 
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are all supposed to return to the one common type which for each species 
is the same in all localities. 

FOOD OF PLANKTON ORGANISMS 

Since the plankton contains such a miscellaneous assemblage of organ- 
isms of widely diverse taxonomic relationships some of which are fairly 
high in the animal scale, the food requirements of this community are 
likewise diverse and can be considered best in connection with each indi- 
vidual group. Much still remains to be learned about the food habits 
and food demands of the various plankters, and it is likely that any state- 
ments such as the following ones represent but a part of the actualities. 

Green Phytoplankton 

As previously mentioned (page 206), the chlorophyll-bearing phyto- 
plankters utilize organic and inorganic materials dissolved in the water. 
Certain species, sometimes classified as chlorophyll-bearing Protozoa, 
have, in addition to the typical algal form of nutrition, means of using 
also a certain amount of particulate materials. Examples of these com- 
bined types are not uncommon among the flagellates. 

Nongreen Phytoplankton 

Those phytoplanktcrs not possessing chlorophyll, such as the bacteria, 
depend upon the dissolved materials in the water or materials capable of 
being rendered soluble. 

Protozoa 

In general, protozoan plankters feed upon minute Algae and bacteria. 
The extent to which detritus is used is uncertain. As mentioned above, 
certain organisms sometimes classified as Protozoa contain chlorophyll, 
and, in addition to the ordinaiy holozoic type of nutrition, photosynthesis 
is performed. Utilization of dissolved substances has been demonstrated 
in certain Protozoa, and it may be that some of the plankton Protozoa, 
possibly all of them, make some use of this additional supply of nutrition. 

Metazoa 

The determination of the food of zooplankters can be approached in 
two ways: (1) direct observation of food taking, either in nature or in the 
laboratory; and (2) examination of contents of the digestive tracts of 
those plankters having such structures. In many resppets, the former is 
more dependable. The latter method involves many difiiculties, an 
important one of which is the rapidity with which various food materials 
are digested, often leaving masses of material of which little can be recog- 
nized unless hard parts are present and are sufficiently intact to make 
identification possible. Nevertheless, considerable useful information has 
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been secured by both of these methods with respect to the diet of marine 
and fresh-water plankton. 

In this connection, the work of Naumann (1921, 1923, 1929) deserves 
attention. He considers the relation of zooplankton as seston feeders to 
be divisible into four types: (1) grasping type, such as those Rhizopoda 
which touch and secure seston with the pseudopodia; (2) filtration type — 
the filtering of seston from water as the animal moves about — the method 
employed by most Cladocera and by some Copepoda; (3) sedimentation 
type — the capture of seston by means of induced water currents — the 
method employed by rotifers; and (4) predator}^ type “-pursuit and cap- 
ture of other organisms- -employed by certain Cladocera and cert^ain 
Copepoda, A brief summary of some of Naumaim's observations and 
experiments follows. 

Rotatoria. The following table (Table 21) includes results of some 
recent work in the determination of the foods of rotifers. 

Table 21 . Composition ok Materials in Digestive Tracts of Rotifers Taken 

FROM Nature 
Modified from Naumann 

Composition of digestive-tract 
contents 


Slight yellow to gray, granular 
mass with minute Algae 
Green masses with numerous 
minute Algae 

Same as Keratvlla fn>m oligo- 
trophic situations 
Same as Kcraiella from oligo- 
trophic situations 
Same as Keratella from eutro- 
phic situations 

Same as Keratella from eutro- 
phic situations 

Yellow-brown, granular mass 
with minute Algae 
Gray-green mass with very few 
minute Algae 

All of medium-size Algae; also 
larger zooplankton, such as 
rotifers and Bosmdna 


Species examined 

Type of 
water 

Keratella aculeata and K. 

cochlearis 

K, acideala and K. cochharia 

Oligotrophic 

Eutrophic 

Notholca longispina 

Oligotrophic 

Polyarthra irigla {platyptera) 

Oligotmphic 

P. trigla 

Eutrophic 

Synchaeta (several species) . . 

Eutrophic 

ConochiliLS unicornis 

01igotn)phic 

FUinia {Triarthra) longUeia 

Eutrophic 

Asplanchna (several species) 

Oligotrophic 


Experiments in which both suspensions of carmine and India ink and 
of Algae were used gave evidences of an ability of some rotifers to dis- 
criminate in the choice of food, certain ones {Asplanchna and Polyarthra) 
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accepting none of the suspensions, while the others took both readily; also 
in experiments, in which plankters of different sizes were used, it was 
found (1) that Asplanchna took living plankton which exceeded 15 
microns in size; (2) that Keratella (Anuraea) took only the smaller Algae 
(up to 10 microns) ; and (3) that Conochilus, Nothohaj Polyarthra^ Syvr 
chacta, oxidFilinia {Triarthra) took only the small Algae of nannoplankton 
size. Within the last-named group, some differences appeared, the 
importance of which is not as yet clear. 

From all of these results, it appears probable that the rotifers are divisi- 
ble into two general groups: (1) a group of species in which discrimination 
occurs in favor of the larger particulate foods and in which a predatory 
habit exists; and (2) another group, probably the larger, in which food 
discrimination is greatly reduced or absent, the particulate substances in 
the water being taken as they come. 

Cladocera. Naumann divides the Cladocera into two groups on the 
basis of the method of securing food: (1) those which obtain food by the 
active filtration of water and (2) those which are predatory. In this last 
group, he lists only LeptoderUj Polyphemus, and Bythotrephes, 

It appears that those Cladocera which filter their food from the water 
take virtually all particulate matter- inorganic debris, organic debris, 
living organisms — as it comes, all passing into the digestive tract just as 
received by the filtering apparatus as the animals swing about. The 
reader is referred to Naumann’s original paper (1921) for detailed descrip- 
tion of the filtering devices, three types of which are described. Experi- 
ments showed that Daphnia, Ceriodaphnia, and Bosmina took ordinary 
pond debris, carmine, India ink, Algae, and finely divided humus indis- 
criminately, soon filling the digestive tract with the mixture. The preda- 
tory form Polyphemus showed no carmine in the alimentary tract after 
prolonged exposure to experimental conditions. 

The filtering apparatus varies somewhat in form and functioning but is 
a fine enough device to secure apparently most if not all of the particulate 
matter of ordinary sizes, only the minute organisms and particles having a 
chance to escape through it. Some of these very minute materials are 
caught along with the other substances. An experiment with a species of 
Bosmina showed that in water in which Algae of the ‘‘nannotype^’ (size 
about 5 to 60 microns) occurred with a frequency of 800,000 to 8,000,000 
per cc., the intestine became filled in 15 min. ; with bacteria in the water to 
the amount of 8,000,000 to 9,000,000 per cc., the intestinh became filled in 
2 to 4 hr. It was shown also that in most of the limnetic Cladocera, food 
remains in the digestive tract for only a short time (15 to 30 min.); and 
most of the Algae pass through the intestine without being affected by 
digestive processes, indicating that Algae function little as food for these 
animals. They appear to depend upon very minute organisms and very 
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finely divided debris, eliminating in more or less unchanged form the 
larger materials which have been taken into the digestive tract. 

Copepoda. Examinations, by Naumann, of the digestive tracts of cer- 
tain copepods taken from a lake in Norway, in summer, gave the following 
results: 

1. Cyclops: yellow, slightly granular mass; fragments of the exoskeleton of Ento- 

inostraca; jaws of the rotifer Conochilus. 

2. Diaplomus: yellow, finely granular mass; minute Algae. 

3. Heterocope: yellow, granular mass; fragments of exoskeleton of Entomostraea 

(particularly Copepoda); jaws of the rotifer Asplanchiia', representatives of 
the genera Coelosphaerium^ Cyclotdla, Gomphosphaeria^ IHnohrymiy Gfeno- 
diniunif Gymnodmiuni ^ Peridiniuin^ Staurastrum, and Tahellaria. 

The Algae were apparently intact; discoloration of the chlorophyll was not 
observed. 

4. Nauplii: yellow, granular mass, with minute Algae. 

Experiments showed that Cyclops and lleUrocope apparently exercise 
a certain selection of foods, while Diaptomus and nauplii do not, the latter 
seemingly taking anything of dimension greater than 1 p. Klugh (1927) 
found (1) that the chief food of certain Entomostraea is the planktonic 
Chlorophyceae and (2) that some can use fine organic detritus. 

(iTHmi MATlCKlAnS 

Limnology is greatly in need of precise studies which will yield informa- 
tion as to exactly what organisms or substances the different plankters use 
as food. Great stress is sometimes placed on tlu^ value of diatoms as the 
main food of many plankters, a conclusion whicih is doubtless true in some 
instances. One important consideration, viz., the extent to which detritus 
functions as food for plankton, is badly in need of (darification. At 
present, opinions differ greatly. Lebour (1920) questioned its importance 
in marine plankton. Pennak (1946) believes that the principal portion of 
the food of zooplankton consists of detritus and found little evidence that 
predation by zooplankton has a significant effect on the size of phyto- 
plankton populations in nature. On the other hand, Pennington (1941) 
found that in fresh water certain zooplankters, when present in sufficient 
numbers, can reduce the phytoplankton very rapidly. Since all natural 
waters contain detritus in varying amounts, its role as a source of food is 
a question of considerable importance. 

Quantity of Food Used by Plankton 

Although very important in many limnological matters, the quantities 
of food taken by plankton organisms are little known. The following 
statement from Birge and Juday (1922) gives a glimpse into some of the 
problems involved ; 
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Just how much food a rotifer or a crustacean consumes each day is not known, 
but the following figures show how much water would have to be depleted of its 
population in order to furnish some of these forms with their own weight of 
organic matter for food. The average dry weight of some of the constituents of 
the plankton of Lake Mendota has been determined, and the results are as 
follows: (1) A large Asplanchna weighs 0.000834 mg.; (2) a mature Cyclops f 
0.0041 mg.; (3) a Diaptomus^ 0.00858 mg.; (4) an adult Daphnia longispina 
hyalina, 0.02172 mg. Taking the average quantity of organic matter in the 
nannoplankton of Lake Mendota as a basis for the calculation, viz., 1,630 mg. 
per cubic meter of water, each of these animals would have to remove all of the 
nannoplankton from the following quantity of water in order to obtain its own 
weight of dry organic matter for food: (1) an Asplanchna, 0.5 cc.; (2) a Cyclops, 
2.5 cc.; (3) a Dinptomus, 5.2 cc.; and (4) an adult Daphnia hyalina, 13.3 cc. 
These quantities of water seem very small, but when compared with the size of 
the organisms concerned they are very large. Disregarding temperature and 
assuming that 1 cc. of water weighs 1 g., the above organisms would have to 
filter about 600,000 times their own dry weight of water in order to secure their 
own weight of dry organic matter in the form of nannoplankton. These animals 
may also feed upon some of the organisms in the net plankton and thereby 
nnluce the above quantities of water proportionately. . . . 

Computations based on the numerical data indicate that the Crustacea and 
the rotifers contribute from 25 per cent t<^ 75 per cent of the organic matter in the 
net plankton; the maximum percentage is found in late winter and early spring 
when the Algae and Protozoa reach their lowest points in the net material; the 
minimum percentage is found in the early summer and in the autumn when the 
protista flourish most abundantly. Since the maximum percentage of Crustacea 
and rotifers is correlated in time with one of the minimum periods of the net 
plankton, it seems probable that these two groups of organisms furnish something 
like 30 per cent to 40 per cent, or about one-third, of the mean quantity of 
organic matter in the net plankton, i.e., an average of about 115 mg. out of 
343 mg. per meter of water. If the protista of the net plankton are included in 
the computation, therefore, the quantity of water that a rotifer or a crustacean 
would liave to strain to obtain its own weight of organic matter would be reduced 
about 12 per cent. . . . 

These quantities of water are base<l on the mean quantity of organic nmtter 
in the nannoplankton and in the protista of the net plankton. Whenever the 
quantity of organic matter in those two groups of organisms is above the mean, 
the quantities of water would be smaller than the amounts indicated; and when- 
ever it is below the mean, these amounts of water would be larger than indicated 
above. 

Here is another field deserving of precise investigatiori. The solution 
of certain fundamental problems of limnology depends upon a knowledge 
of the quantitative food demands of the various plankters. It is a very 
common assumption that, other things being the same and favorable, 
the greater the food supply the greater the production of any group of 
organisms — an assumption for which there is considerable support — but 
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until the food requirements of the individual plankters are known, a 
serious obstacle continues to stand in the path of any approach to an 
understanding of either actual or potential productivity. Too often, 
portions of the fragmentary information now known are carried over and 
applied to another situation on the very doubtful assumption that food 
requirements of the plankters are the same or similar in the two or more 
places. 

PLANKTON PRODUCTIVITY 

As has already been stated, the plankton productivity of various waters 
differs greatly, with every possible intergrade from very high production 
to an exceedingly scanty plankton population. A quantitative measure 
of the production of a lake can be expressed in terms of (1) standing crop — 
the total amount of plankton present in the water on a selected date — and 
(2) annual crop- -the total quantity of plankton produced during the 
entire year. The problem of determining the true annual crop is a very 
complex one, reciuiring a knowledge of (1) rate of reproduction of each 
kind of planktcr under the different environmental conditions; (2) length 
of life of each kind of plankter in the different environmental conditions; 
and (3) the average individual weight of each different kind of planktcr in 
the different environmental conditions. Such detailed knowledge can 
come only from very elaborate investigations, and it can probably be 
safely stated that this information is not completely known as yet for any 
body of water. If rate of reproduction and longevity are known, the 
annual overturn of plankton material can be estimated. Birge and Juday 
(1922) have estimated that the annual production of plankton in Lake 
Mendota, Wisconsin, would be 12,000 kg. of dry organic matter per 
hectare of surface (10,700 lb. per acre) if it he assumed that there are 50 
overturns of the plankton stock per year. The accuracy of this assumption 
remains to be determined, but it is thought to be roughly correct for Lake 
Mendota. The great diversity in size of the different plankters necessi- 
tates determinations of the average individual weights mentioned above 
in order to get at the relative importance of each plankter in the whole 
plankton complex. 

It must be remembered that the -standing crop is the result of a con- 
tinual loss-and-rcplacement process. Losses due to death of plankters, 
consumption of plankton by other organisms as food, removal by out- 
flowing waters, and other causes must be offset, more or less, by the nor- 
mal reproduction and growth. Increases or decreases in standing crop 
are due to excess of production over loss or excess of loss over production, 
respectively. Sequences of different relations between production and 
loss may be a normal part of the annual history of plankton production. 
Such losses and replacements act differentially among the various plank- 
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ters so that the qualitative and quantitative composition of the plankton 
is constantly shifting. Losses, whatever their causes, may occasionally 
exceed replacement to such an extent that a species temporarily fades 
out of the plankton, while later it may appear and for a time manifest 
considerable excess of production over the losses. At certain times of 
year, the plankton may be composed of representatives of many genera, 
while at another period, it may include representatives of only a small 
number of genera. However, qualitative losses and replacements do not 
parallel the quantitative losses and replacements, so that the magnitude 
of total standing crop does not necessarily vary with the number of species 
of plankters present. 

There is no period of time during the year when one crop of plankton ceases 
and another begins, so that there is no definite starting point for the estimation 
of the annual crop of plankton, such as one finds for a land crop, for example. 
Neither is there any exact date of maturity, or harvest season, for the plankton 
crop as there is for the land cro]). The crop of plankton, therefore, represents a 
continuous stream of life which flourishes at all seasons of the year and which 
passes on from year to year as long as favorable conditions obtain in a body of 
water. ^ 

Some authors (Smith, 1933; et ah) divide the plankton flora into two 
types, the Caledonian and the Baltic. The Caledonian type, so named 
because it was originally described from Scotland, is characterized by (1) 
reduced total quantities; (2) richness in species; (3) many desmids; and 
(4) relatively few Chroococcales and Hormogonales. The Baltic type 
shows (1) few species but considerable quantities of individuals of the 
species represented; (2) predominance of Chlorococcalcs and Myxo- 
phyceae; and (3) conspicuous paucity of species of desmids. The Cal- 
edonian type is said to occur only in waters deficient in (;alcium. 

CHEMICAL COMPOSITION OF PLANKTON 

While it is important to know the total mass of plankton produced by 
a body of water, it is likewise necessary to have information as to the 
chemical make-up of the plankton if its value as a source of food is to be 
determined. Birge and Juday (1922) made an extensive chemical study 
of the plankton of four lakes in the vicinity of Madison, Wis. The follow- 
ing information is taken from their paper, but the reader is referred to the 
original source for further details. 

The chemical analyses of plankton from the four lakes referred to above 

. . . showed that, on the average, the crude protein constitutes from a little 
more than 44 per cent to more than 57 per cent of the dry organic matter in this 
fresh-water plankton; in this respect, the material compares very favorably 

* Birge and Juday, 1922. 
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with some of the meats that are used for human food. Crude protein constitutes 
about 47 per cent of the dry organic matter in the edible portion of the liind 
(juarter of beef, for example, and about 37 per cent of that in the hind quarter 
of mutton. This plankton material, therefore, must be given a high rank as a 
source of protein food for other organisms. The edible portion of fish, how^ever, 
contains a higher percentage of protein than either beef, mutton, or plankton; in 
the black bass, for example, the crude protein makes up about 92 per cent of the 
dry organic matter of the edible portion; and in the brook trout, about 90 per 
cent. 

The plankton yields a relatively small amount of fat or ether extract, aver- 
aging from about 5 per cent to somewhat more than 7 per cent. This is com- 
parable to the percentages in black bass and brook trout, for example, which are, 
respectively, 8 per cent and 10 per cent of the dry organic matter in the edible 
j)ortions. The percentage of the fat is much larger in beef and mutton; it 
amounts to 53 per cent of the dry organic matter in the edible portion of the 
hind quarter of beef and to 63 per cent in the hind quarter of mutton.* 

Inspection of Tables 22 to 24 will reveal something of the chemical 
nature of the total plankton and of some of the different plankters. 

Table 23. Some Inoroanic Constituents of Ash as Deteumined for 18 

Samples 

Jicsults arc stated in percentages of dry weight of the sample 
From Birge and Juday 
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LIMNOLOGICAL ROLE OF PLANKTON 

It must be constantly kept in mind that plankton is, a heterogeneous 
assemblage the organisms of which differ widely in taxonomic relation- 
ships and in the degree of biological complexity; also, that each plankter 
has its own individual physiology and ecology. Therefore, the relation- 
ships and interdependencies are far too numerous and too complex to dis- 
* Birge and Juday, 1922. 
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cuss here; even if it were desirable, the story would of necessity be incom- 
plete and fragmentary, since much yet remains to be discovered in the 
biology of plankton. For the purposes of this book, only a brief, and to 
some extent tentative, appraisal of the role of plankton in the general 
biological economy of water will be attempted. 

One of the most outstanding features in the aquatic complex is the par- 
tial or complete food dependence, direct or indirect, of the higher, non- 
plankton animals upon the plankton. While various reciprocal relations 
exist between the plankton and the nonplankton animals, there is reason 
to believe that if all of the nonplankton animals were removed from a lake 
and kept out, the plankton, with possibly some minor modifications, 
would continue to exist. It appears that the nonplankton animals repre- 
sent a zoological stratum superimposed, in part/, upon the plankton. 
While certain nonplankton animals possess the ability to utilize directly 
the nonliving matter in water as food, either throughout their entire 
existence or during some stage of the life cycle, they are usually in the 
minority. Even these forms are not always clearly independent of the 
plankton, since direct utilization of the nonliving, undissolvcd matters 
often automatically includes living plankters (bacteria and others), and 
it is still an open question as to how much the detritus feeders may depend 
upon the included plankton organisms; furthermore, it should not be over- 
looked that the dead bodies of the plankton organisms comprise sub- 
stantial portions of the detritus. This role of plankton is typical of the 
limnetic region. In the littoral region where shallow water, bottom mate- 
rials, higher plant growths, and other characteristic circumstances com- 
bine to make a very different environment, various nonplarikton animals 
may manifest an independence of the living plankton, e.g., through the 
intermediary of the higher chlorophyll-bearing plants. Even in the 
littoral region, however, the plankton is not without its fundamental food 
relations to many animals. 

In the limnetic regions of a lake, fishes usually comprise the only typical, 
active, pelagic animals of the nonplankton sort. Some fishes are plankton 
feeders throughout their whole life; others are plankton feeders at some 
particular stage of the life cycle; some fishes are carnivorous, at least in 
certain stages, and therefore are but indirectly concerned with the plank- 
ton. Plankton-eating fishes appear to utilize virtually all of the plankton 
organisms, although the Entomostraca are of special importance in this 
connection, since it is said that many fresh-water fishes may, at some 
stage of the life history at least, feed mostly or exclusively upon them. 
It appears that the Cladocera are more important than the Copepoda, 
since they are used more extensively as food by the fishes. 

In the littoral regions, the animals which feed, to some extent at least, 
upon plankton comprise a large assembly, including, in addition to those 



278 


LIMNOLOGY 


fishes which frequent the shallow waters, many of the higher invertebrates, 
such as sponges, hydra, annelids, certain insects, Bryozoa, mollusks, and 
others. Certain insects which have the peculiar habit of burrowing in 
the sandy inner beach of certain lakes utilize as food the plankton drift 
which the waves work into the sand. Possibly, other animals which con- 
stantly frequent that region just at the water’s edge may make some use of 
the plankton concentrations which occur there. 

Even within the plankton assemblage itself, two general strata of life 
occur: (1) the chlorophyll-bearing organisms and (2) the nonchlorophyll- 
bcaring organisms. For the most part at least, the latter depend upon 
the former. Within the plankton, there is a series of organisms which 
lifts potential foodstuffs to different levels of availability, beginning with 
the inorganic materials and culminating in the small but highly organized 
plankton animals, such as the Cladocera, which in turn become one of the 
main sources of food for fishes. 

Some attention has been given to the vitamin content of marine plank- 
ton (Drummond and Gunther, 1930; Russell, 1930), and at least one 
vitamin (vitamin A) has been found. In fresh-water plankton, thiamin 
and niacin have been identified (Hutchinson, 1943; Hutchinson and 
Setlow, 1940). It seems almost certain that still others await discovery. 
There is reason for believing that various fresh-water animals depend 
upon the phytoplankton for their vitamin supply. 

Finally, it now seems likely that plankton at large may make a greater 
use of the dissolved organic matter in water than was once thought. This 
subject has already received some attention (page 200). That some very 
simple plankters depend wholly upon dissolved matters seems to be 
established; that many, if not all, other plankters make some direct use of 
the dissolved matter in water remains to be positively demonstrated, 
but accumulating evidence points in that direction. If future investiga- 
tion should show that all of the plankters draw upon the dissolved mate- 
rials, the v^alue of plankton in the biological economy of a body of water 
will take on a still greater significance. 
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The various ways in which plankton influences the medium in which it 
lives has been summarized by Rylov (1926) in the following diagrammatic 
way: 


Influence of plankton upon water medium 



Active influence Inactive influence Inactive 

[Purely physiological [Purely physical Physical biochemical 

(active biochemical) influence] < » influence influence 
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CHAPTER X 


BACTERIA, OTHER FUNGI, AND THE NONPLANKTON ALGAE 

BACTERIA IN LAKE WATERS AND THEIR SIGNIFICANCE 

All natural waters contain bacteria. Every lake probably has an 
indigenous bacterial flora which is maintained as a regular part of the 
biological complex of that lake. In addition, a lake may serve as a sort 
of catch basin for bacteria which rain water washes out of the atmosphere 
and for bacteria which run-off water and drainage systems carry from the 
soils. Pure limnology, as contrasted with applied limnology, is primarily 
concerned with the normal bacterial populations of uncontaminated 
waters, and particularly those which may be regarded as of more or less 
regular occurrence in the waters of different kinds of lakes. Unfor- 
tunately, this is a little known field, since bacteriologists and others 
employing the methods of bacteriology have been mainly concerned in 
the past with pathogenic bacteria. Only a veiy few lakes have received 
any study of the bacteria native to them, and even in these few instances 
there are many gaps in the available information. 

General Distribution in a Lake 

Bacteria occur in all parts of a lake. The open water contains them at 
all depths. They constitute an important portion of the nannoplankton. 
Bottom deposits of all sorts have a bacterial population. Often these 
deposits are rich in bacteria. The region of the shore line presents condi- 
tions, often ideal, for the development and maintenance of these organisms. 

Kinds and Characteristics of Bacteria in Lakes 

In the past, many studies have been made on the bacteria in margins of 
lakes and in other bodies of water, especially rivers and streams, with 
reference to the pathogenic bacteria ‘Which may be present because of 
some form of pollution. Such work has been carried on almost exclu- 
sively from the standpoint of sanitation. However, since pollution is an 
artificial influence, we are concerned in this discussion not so much with 
those bacteria which come in as a result of it but rather with those which 
normally occur in natural waters wholly unmodified by the influences 
of man. For convenience, these bacteria will here be referred to collec- 
tively as the indigenous bacteria. The existence of such bacteria, nor- 
mally and regularly inhabiting natural waters, is definitely established, 

2S0 
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although one occasionally sees in the older literature a persistence of the 
idea that the clear open waters of unpolluted lakes have few or no bacteria 
demonstrable by direct microscopic methods. These bacteria are said to 
be distinctly different from those usually discussed in works on public 
water supplies, sanitary surveys, and other similar treatises. It should be 
understood that these indigenous aquatic bacteria do not constitute a 
single taxonomic unit but represent various taxonomic groups. Further- 
more, bacteria from extraneous sources may sometimes be temporarily 
intermingled with them. 

Bacteria indigenous to lake basins may be grouped under three main 
headings, as follows: (1) planktonic — suspended in the open water; (2) 
benthonic — living in and on the bottom; and (3) periphytic — attached to 
submerged objects or submerged vegetation (see periphyton, page 319). 
The degree to which these groups intermingle seems to be rather uncer- 
tain. Some mixture certainly occurs. However, it has been claimed 
that the benthonic forms are preponderantly bottom dwellers and that 
certain lake bacteria seem to be definitely adapted to specific habitats. 

These aquatic bacteria comprise a great variety of different forms, 
many of which are imperfectly known; in fact, it is said to be practically 
impossible, at the present time, to separate taxonomically all of the differ- 
ent forms. True water bacteria and soil bacteria are said (Snow and 
Fred, 1926) to have many points in common. In 24 Wisconsin lakes, it 
has been found (Bere, 1933) that nearly all of these bacteria are rod- 
shaped forms, coccus forms constituting only about 8 per cent of the total. 
Investigations on Flathead Lake, Montana (Graham and Young, 1934), 
and on English Lakes (Taylor, 1942) show similar results. The following 
description presents some of the characteristics of these bacteria in Lake 
Mendota, Wisconsin:^ 

The bacteria of lake water, taken far out from the shore, show certain well 
defined characteristics. The kind of microorganisms present in the water is 
more or less constant. These indigenous forms are present at all seasons and at 
all dei)ths. As compared with the organisms commonly studied, tlie majority 
of them grow slowly on the ordinary culture media and on plate cultures appear 
as punctiform colonies. About 10 to 25®C. is the optimum temperature for their 
growth. In general they do not form acid or gas from sugars as was shown by 
fermentation tests on agar slants containing 1 per cent of the various sugars plus 
a suitable indicator. They do not curdle milk and the majority of the true lake 
forms liquefy gelatin slowly. A considerable proportion are chromogenic, but 
long incubation at comparatively low temperatures is necessary to bring out the 
deep color. It is in respect to pigment production that the ty/)ical water flora of 
Lake Mendota is most easily recognized. 


' Snow and Fred. 1926. 
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The student who desires a comprehensive list of specifically identified 
bacteria (to genera and to species) which compose the water bacteria is 
doomed to disappointment, since none is available for any unmodified 
lake in North America or, so far as the writer knows, in other continents. 
That the forms are very diverse has already been pointed out. Whipple 
(1927) lists five genera belonging to the order Chlamydobacteriales (iron 
bacteria: filamentous forms having a thick gelatinous sheath in which iron 
is commonly deposited) and 24 genera belonging to the order Thiobac- 
teriales (those bacteria distinguished by the presence in the cells of 
granules of free sulfur or bacteriopurpurin or both, commonly thriving 
best in the presence of hydrogen sulfide). Just which genera of this list 
have representatives among the water bacteria is not certain ; furthermore, 
this list does not include the strictly unicellular forms which may be 
numerous in fresh water. 

The water bacteria are as yet too little known to make possible any 
satisfactory discussion concerning their classification. Henrici (1933) 
made the following statement based upon his studies of fresh-water 
bacteria: 

It is obvious that, until more completely known, these water bacteria cannot 
be fitted into existing classifications, but some sort of working (ilassifi cation must 
be adopted in order to analyze the slides intelligently. The forms encountered 
so far may be immediately divided into two great groups — ^those which occur in 
filaments or chains and tliose which occur singly or in irregular aggregates, cor- 
responding to the Trickohacieriifiae ancl Haplobacterinae, respectively, of Alfred 
Fischer. The filamentous types may be further subdivided into those which are 
continuous and those which are articulated, the latter according to size, shape, 
and internal structure of the elements. Further noteworthy characters of 
filamentous types are the presence or absence of sheaths, of true branching, of 
false branching, and of holdfasts. No true brancdiing filamentous forms have 
been encountered so far. The nonfilamentous types are of widely varying form 
and size. There are minute spherical forms, singly or in clusters, larger round 
or oval cells with a reticulated protoplasm much like Azobacter; there are rods of 
varying length and thickness, some with deep-staining granules, others uniform 
in their staining. There are comma-shaped cells and true spirilla varying in 
size. While it is true that one would hardly be justified in naming these organ- 
isms and describing them as species on the basis of their morphologic appearance 
alone, it is quite evident that the morpliology is sufficiently diversified to warrant 
a tentative classification of the organisms observed which will be sufficient for 
at least preliminary ecologic surveys. 

Bacteria in fresh water may be divided into two groups: (1) aerobic — 
those usually defined as requiring the presence of free oxygen — and (2) 
anaerobic — those which can exist in the absence of free oxygen. It has 
been claimed (Bigelow, 1931) that the important distinction between 
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aerobic and anaerobic bacteria is on the basis of the carbon dioxide tension 
rather than the oxygen tension. 

Bacteria in fresh water may also be grouped on a physiological basis. 
Some of the most important physiological groups are listed below. It 
should be understood, however, that these groups as listed are not 
mutually exclusive; for example, the putrefying bacteria may include 
representatives of some of the other groups. 

1. Putrefying bacteria bacteria of decay. 

2. Denitrifiers — those which function in changing nitrates into gaseous 
nitrogen. 

3. Nitrogen fixers — those having the power to fix free nitrogen. 

4. Nitrite producers — those transforming ammonia into nitrites. 

5. Nitrate producers "those transforming nitrites into nitrates. 

6. Parasitic bacteria — those truly parasitic within the bodies of various 
aquatic organisms. 

Magnitude of Bacterial Populations 

Methods of Determination. It has been found that the high-speed 
centrifuges used in plankton work remove only a small portion of the 
ba(;teria from the water. In the past, quantitative studies have been 
made largely by the use of plate cultures. It has long been known, how- 
ever, that plate-cailture counts are far below those made by direct exami- 
nation. Improved culture methods have reduced this discrepancy, but 
it still appears that plate cultures yield only a small fraction of the number 
found by the dire(;t-count method. Both methods are being employed 
at present by different workers. Snow and Fred (1926) claimed that 
direct-count methods, as then developed, were primarily adapted for 
media in which the bacterial population is very large; that lake popula- 
tions are so small that it is necessary to concentrate the bacteria in order 
that the mathematical error involved in computing from the number per 
unit of the microscopic field to the number per unit of volume of lake 
water is reduced as much as possible. Since this concentration (by filtra- 
tion or cliemical flocculation) presents difficulties, the direct count was 
not favored by some investigators. Kusnetzow and Karzinkin (1931) 
developed a method of direct counting in which the concentration is 
accomplished by evaporating lake-water samples under diminished pres- 
sures and at a temperature not above 35 to 40°C., a method which seems 
to overcome some of the difficulties and to make the direct count more 
dependable. They claim that their form of direct count gives a quantity 
two to four thousand times that found on agar and gelatin plates. In 
Lake Mendota, the direct counts (Bere, 1933), based upon the same 
method, varied from twenty to three hundred thirty-five times the plate 
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counts; while in Lake Wingra, the variation was eight to one hundred 
twenty-five. 

Recently, certain bacteriologists have made effective use of a method 
which consists essentially of submerging microscope slides in water for a 
period of time. Bacteria accumulate on such slides and grow there. 
After a period of submergence, the slides are recovered, dried, fixed, 
stained, and examined microscopically. It is claimed that by this 
method microscopic counts are facilitated and that species possessing 
distinct morphological features may be identified by direct examination. 
This method is discussed by Henrici (1939). The submerged-slide 
method collects only those bacteria which grow attached to submerged 
objects, but Henrici believed that they constitute a large part of the 
entire water group. To this group he applied the term periphytic. It is 
clear that results obtained by . the submerged-slide method and expressed 
as the number of bacteria per square millimeter per day cannot be directly 
compared with values expressed as the number per unit of volume. How- 
ever, Henrici found that for 100 pairs of counts a coefficient of correlation 
(0.625) was obtainable. 

Quantities of Bacteria. Formerly, it was supposed that lake and pond 
waters were, on the whole, very low in bacterial content, usually not 
exceeding 200 per cc. and often less than 100 per cc. It is now evident 
that these values are quite too low. According to Snow and Fred (1926), 
the bacteria in I^ake Mendota varied from 740 to 32,000 per cc. during a 
period of 14 months, these values being secured by the direct-count 
method. Kusnetzow and Karzinkin (1931), working with an improved 
method of making direct counts, report a bacterial population in Lake 
Glubokoje, U.S.S.Il., which varies roughly from 1,000,000 to 6,000,000 
per cc. However, it is believed (Henrici, 1939) that these numbers are 
far too high for any unpolluted lake and that su(jh quantities would pro- 
duce an obvious turbidity in the water. Here (1933), investigating cer- 
tain Wis(;onsin lakes and using the Kusnetzow and Karzinkin method, 
found considerable variation in the bacterial content of the surface waters, 
the range being from about 19,000 to 2,000,000 per cc. 

Table 25 shows the bacterial content of several Wisconsin lakes as 
measured by different methods. It should be pointed out that Brazelle 
Lake is described as atypical and difficult to classify, is really a brook 
pond, contains dark-brown bog water, is but 2 m. deep, is surrounded by 
marshy land, has a bottom composed of a mass of decomposing plant 
remains, and is very turbid. 

There seems to be considerable evidence that a phenomenon perhaps 
comparable to the blooms of Algae may occur in lake bacteria. It 
appears to be in the form of sporadic outbreaks of growth of certain 
bacteria, said to be usually autotrophic, resulting in such quantities as to 
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make the water visibly colored. These upsurges of the bacterial popula- 
tions are still too little known to justify further discussion here. 


Table 25. Comparison of Numbers of Bacteria in Different Lakes 
From Henrici (1939) 


Lakes 

Periphytic 

Plate 

counts, 

Plate counts, 
bottom 

Microscopic 

bacteria^ 

water* 

deposit* 

counts, water^ 

Hrazelle 

3,853 

2,963 

44,600 

2,000,000 

Eutrophic lakes: 





Boulder 

711 


47,000 

144,240 

98,000 

Alexander 

526 

675 

Little John 

402 

505 

39,050 

64,500 

Mendota 

375 


609,300 

10,930 

975.000 

400.000 

Muskellunge 

197 

133 

Mean 

442 

438 

170,100 

384,400 

Oligotrophic lakes: 





Weber 

183 

132 

2,350 

45,000 

Trout 

177 

66 

29,790 

85,500 

Crystal 

63 

80 

2,160 

36,000 

Mean 

141 

93 

11,400 

55,500 

Dystrophic lakes: 





Helmet 

377 

380 

120,300 

394,000 

Mary 

24 

58 

39,450 

745,500 

Mean 

200 

219 

79,880 

569,750 


1 Bacteria per nquare milliiiieter per day deposited upon slides. 

3 Colonies per cubic centimeter of water on a^r plates. 

> Bacteria per cubic centimeter of bottom mud on agar plates. {From Henrici and McCoy, 1938.) 

< Bacteria per cubic centimeter of water computed from counts of evaporated samples. {From Bere, 
1933.) 

Vertical Distribution of Bacteria. Records are not in agreement as to 
the charaf^ter of the vertical distribution of bacteria in lakes. Minder 
(1927) published data for Lake Zurich, Switzerland, which indicate that 
the bacteria decrease in number with increase in depth. Lake Zurich is 
said to be contaminated by sewage and may not be strictly comparable in 
this respect to unmodified lakes. According to Scott (1916), certain 
lakes of the Tippecanoe Basin, Indiana, show more bacteria at the surface, 
at the bottom, and in the thermocline than at other levels, although 
departures from this type of distribution were found. The works of Fred, 
Wilson, and Davenport (1924) and Snow and Fred (1926) show that in 
Lake Mendota, Wis(;onsin, the bacteria are, in general, uniformly dis- 
tributed in the different depths, except in the deeper parts of the hypo- 
limnion where the dissolved oxygen content is greatly reduced or absent, 
thus affecting the aerobic bacteria. Bere (1933) reported that in some 
Wisconsin lakes the bacteria increase almost continuously from surface 
to bottom; in others, the reverse condition prevails; in still others, there 
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is an increase at the 5-m. level followed by a steady decrease to the bottom. 

Henrici (1939) summarized vertical distribution as follows: 

Bacteria may be more numerous at the surface of the water in some lakes; this 
is probably due to the accumulation of floating plankton at the surface, and is 
most apparent in lakes that bloom. Plate counts do not show marked differences 
between the cpilimion and hypoliranion, but such differences are noted in counts 
of bacteria on submerged slides, in the case of sharply stratified lakes; they are 
probably due to tom])erature differences. There is only slight evidence that 
bacteria increase in the thermocline. They may show sharp local variations in 
verticjal distribution associated with microstratification. Bacteria are more 
abundant in the bottom de|)()sit than in the water, and most abundant at the 
mud-water interface, de(!reasing at a constant rate below this level. Their 
abundance is probably due to sedimentation. 

Horizontal Distribution. Horizontal distribution of bacteria in lakes 
is still little known. From the few papers which have been published it 
appears that the bac^teria in the open water remote from shore may have a 
fairly uniform distribution ; that the quantity of bacteria in the open water 
is less than in the water of the littoral areas, particularly in the protected 
bays; that the quantity of bacteria tends to be greater and more varied in 
the vicinity of beds of rooted acjuatic vegetation; and that in general the 
bacteria in the bottom deposits decrease in (quantity from the profundal 
to the littoral zone. 

Annual Distribution of Bacteria. Minder (1927) and others have 
reported for Lake Zurich, Switzerland, two maxima and two minima dur- 
ing the year, the maxima occurring in the spring and autumn, and the 
minima during the two stagnation periods, thus corresponding in a general 
way to the annual maxima and minima of the plankton already described 
(page 253). However, other results are at variance. Earlier work on 
Lake Mendota, Wisconsin, showed (1) that but one maximum and one 
minimum appear; (2) that the maximum and the minimum do not neces- 
sarily occur at the same time in different years; e.g., in 1920, the maximum 
was in June and July and the minimum in January and February ; in 1921, 
the maximum was in September and October and the minimum in spring; 
and in 1922, the maximum came in March and April, and the general 
minimum during the summer. Here (1 933) found that in three Wisconsin 
lakes (including Lake Mendota) the maximum occurred in August and 
that the decline, beginning in September, reaches a very low level in late 
winter. 

Henrici (1939) summarized the situation as follows: 

Seasonal fluctuations of bacteria ap})arently are different in different types of 
lakes. In high mountain lakes the semi-annual turnover, distributing bottom 
bacteria through the water, apparently determines the maxima, though the 
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effect of spring thaws and autumn rains may be a factor. Plate counts are 
probably affected considerably by surface drainage washing bacteria into the 
lakes. In a highly eutrophic lake the plankton pulses appeared to determine 
seasonal variations of the bacteria. The activities of periphytic bacteria vary 
with the temperature, but this is more apparent in open water stations than 
littoral ones. Periphytic bacteria were found to be unusually abundant in the 
bottom meter of Mendota during wdnter stagnation. There are no adequate 
data on seasonal variations of bacteria in bottom deposits. 

Factors Affecting Distribution of Bacteria. Light. That strong sun- 
light may have a lethal effect upon bacteria seems to be regarded as 
established. This effect is thought to be due to the action of the ultra- 
violet rays. However, since these rays do not penetrate beyond the 
superficial layers of surface waters, this action must be greatly limited. 
Records of actual conditions in lakes are not in agreement. Investiga- 
tions on Wisconsin lakes showed no indication that sunlight has anj^ 
reducing effect on the number of bacteria; and Lloyd (1930) found the 
bacteriocidal effect apparently negligible in the sea, the greater number 
of ba(Jteria oc(airring at the surfa(?e even on sunny days. Various other 
workers report a reducing effec.t of sunlight in both fresh and marine 
waters. Some have described a diurnal variation of the number of 
bacteria in the upper waters and have interpreted it as du(^ to the alterna- 
tion of light and darkness. That such diurnal variation may occur seems 
possible, but there seems to be evidence that the cause is something more 
than merely a light effect. Presumably, inhibiting effects of light would 
reduce greatly the number of surface-water bacteria in the summer time 
as contrasted with winter, but some of the records furnish opposite 
results. 

Temperature. It is usually stated that temperature has a direct effect 
upon the number of bacteria, within limits; increase of temperature facili- 
tates growth and multiplication, while the number of bacteria may be 
reduced by low temperatTires. Also, sudden, marked changers of tem- 
perature may have a reducing effect, particularly on those species which 
do not produce spores and which lack a highly resistant cell membrane. 
This is significant, since the water bacteria are said to be mainly of the 
small, nonspore-forming type and notoriously sensitive to sudden changes 
of temperature. In spite of this temperature sensitivity, Fred, Wilson, 
and Davenport (1924) found that temperature had little or no effect on 
the multiplication of the bacteria in Lake Mendota, Wiscumsin, and, 
according to Str0m (1928), Netschaeft found denitrifying bacteria in 
full activity at the freezing point. Possibly, abruptness of temperature 
change of sufficient magnitude to make this sensitiveness effective does 
not occur in the surface waters of lakes; possibly, only the very shallow 
waters of relatively large surface are subject to such an influence. 
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Sedimentation, Sinking of bacteria, due either to their own specific 
gravity or to their attachment to suspended particles, has much to do with 
changes in their number in the upper waters. Since saprophytic bacteria 
live upon and attached to organic particles, any influence which affects 
the distribution of such particles automatically affects the distribution of 
the bacteria. For that reason, saprophytic forms may be abundant at 
any depth of water where the sinking of particles is temporarily checked 
or may be particularly abundant at the bottom where these particles 
finally accumulate. On the other hand, bacteria not attached to particles 
and whose food materials are derived from the dissolved matters probably 
sink so slowly that they arc less responsible for changes of the number in 
surface waters. 

Other Microorganisms, That bacteria are preyed upon by Protozoa 
and certain other organisms is well known, and, without doubt, the num- 
bers of bacteria present at a given time are dependent upon this interrela- 
tion. It is claimed that in the soil, a numerical relation exists between 
bacteria and Protozoa, viz., that when Protozoa arc abundant, bacteria 
are scarce, and vice versa. It may be that a similar relation exists in 
fresh waters, although actual results cannot at present be cited in proof of 
this suggestion. 

Under some circumstances, destruction of bacteria by bacteriophage is 
now well known. The nature of bacteriophage is still a matter of some 
uncertainty. According to a generally a(;(jepted theory, it is regarded 
as composed of very minute organisms which parasitize various bacteria. 
Little seems to be known concerning the existence of bacteriophage in 
open lake water, but it seems likely that it occurs there. Destruction of 
bacteria by bacteriophage may be an important influence in their 
distribution. 

Movements of Water, Since bacteria and the suspended parti(;les to 
which they may be attac^hed sink rather slowly, it is obvious that move- 
ments of the surrounding water have a direct effect in their distribution. 
Both horizontal and vertical variations arise from this cause. 

Food Supply, Bacteria, in general, are comparatively sensitive to 
slight changes in the food supply. Possibly, this is true of the lake 
bacteria. If so, such phenomena as alterations in food supply and differ- 
ences in distribution of food materials would produce corresponding 
effects in the bacterial population. 

Other Factors, There are indications that other factors, such as the 
reaction of the water, aeration, osmotic pressure, and toxic wastes of 
the bacteria themselves, may enter into explanations of the distribu- 
tion of bacteria. However, too little is known concerning these pos- 
sible factors as they operate in nature to make profitable any discussion 
here. 
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Effects of Drainage Water on the Number of Bacteria. Drainage 
waters from the surrounding land areas carry quantities of bacteria into 
lakes. Such waters from the watershed of a lake are a continual source 
of contamination, often contributing large quantities of bacteria repre- 
senting a variety of types, such as the ammonifiers, gelatin liquefiers, and 
colon forms of both fecal and nonfecal origin. How long such bacterial 
invaders can persist in lake water is a very significant question. The 
same question arises in connection with the contaminations of natural 
waters by sewage. It is said that the disease-producing bacteria of man 
and the higher animals do not thrive in the open ocean, and there seems to 
be some evidence that the same is true not only of the Great Lakes and 
other lakes of large size but also at least of some of the smaller lakes. In 
Lake Mendota, Wisconsin, it has been found (1) that contaminating 
bacteria, which enter the lake by means of drainage water, do not seem 
to persist in the lake water for any great interval of time; (2) that, barring 
unusual circumstances, they do not spread far into the open water of the 
lake; and (3) that they disappear rapidly from the water near shore. 

It is said to be generally true that a body of standing water contains 
fewer bacteria than its inflow. Sometimes the contrast is great and the 
reduction rather abrupt. According to Taylor (1940), bacterial counts 
of samples taken at the mouth of the principal river entering Lake 
Windermere, England, were about 200 times greater than the counts in 
samples of water obtained at a distance of 200 m. offshore from the mouth 
of the river. 

Bacteria in Bottom Deposits. Bacteria occur abundantly and in con- 
siderable variety in bottom muds. Doubtless, the bacterial population 
varies, qualitatively and quantitatively, in different lakes and kinds of 
bottom deposits. It has been found that in certain marine waters, the 
number of bacteria in the mud far exceeds that in the water immediately 
above it, and it is not unlikely that the same may be true in lakes, par- 
ticularly in the shallower parts of the basins. Increase in number of 
living bacteria comes about by the reproductive activity of forms already 
in the mud plus those which settle through from the overlying water and 
find the bottom muds habitable. In lakes of the third order, especially 
in those with ample exposure to wind action, it is probable that an abun- 
dant bacterial population inhabits the bottom deposits at all times, unless 
it be during stagnation conditions arising from the presence of prolonged 
ice cover. Little seems to be known concerning the magnitude of the 
strictly anaerobic bacterial populations in the bottom deposits. Fred, 
Wilson, and Davenport (1924) state that while anaerobic bacteria are 
found in the deep layers of the water and in the bottom muds of Lake 
Mendota, Wisconsin, their occurrence in large numbers seems highly 
improbable. According to Allgeier, Peterson, Juday, and Birge (1932), 
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the bottom deposits of Ijake Mendota contain 100,000 bacteria per cc., 
of which about 1,000 per cc. are cellulose-destroying bacteria. The bac- 
terial flora consisted of chromogenics, ammonifiers, denitrifiers, cellulose 
destroyers, and other typical lake forms. 

Information as to the deptlus in bottom muds to which bacteria occur is 
scanty. Carpenter (1941) examined vertical core samples taken in Trout 
Lake, an oligotrophic lake in northern Wis(‘.onsin. The samples ranged 
from zero to 16 ft. mud depth. Aerobic and facultative bacteria varied 
in number from 4,700 to 250,000 per g. of wet mud at the surface of the 
bottom deposit, and from 40 to 1 ,600 in the deepest levels examined. The 
anaerobic bacteria ranged from 600 to 1,900 per g. in the uppermost 
samples, and from zero to 45 in the deepest level. In most instances 
there was a fairly uniform decrease in aerobic and facultative bacteria 
with increasing depth in the bottom deposit. The anaerobic bacteria 
decTeased at a slower rate with increasing mud depth. 

Fundamkntal Rolw of Bacteria 

Bigelow (1931) reviewed the relations of bacteria to marine biological 
problems. His statement that the fundamental problems of marine 
bacteriology center about the ways in which bacteria keep in action the 
cycle of matter through its organic and inorganic stages in the sea applies 
equally well to fresh waters. Obviously, the sum total of functions per- 
formed by the aquatic bacteria depends upon kinds, quantities, and dis- 
tribution of these organisms. These features have been discussed in 
preceding sections (pages 280-284). In a general way, the biological rela- 
tions of the bacteria involved are of two sorts: (1) relations to the inor- 
ganic and to the dead organic matters and (2) direct t relations to the 
higher, living organisms. 

Relations to Inorganic and to Nonliving Organic Matters. The rela- 
tions of acjuatic bacteria to the inorganic and the dead organic matters 
require little more than passing mention here, since they relate to proc- 
esses already known in a general way to students of biology (Fig. 38). 
The important general relations are indicated in the following analysis 
(modified from Henrici, 1933): 

I, Autotrophic l)a.ctcria — bactoria which secure their nutrition entirely from inor- 
ganic, sources and arc therefore independenf of all other organisms. 

A, (yhemosynthctic autotropliic bacteria -bacteria, such as the true iron bacteria 
and the white sulphur bacteria, which obtain their necessary energy by the 
oxidation of certain inorganic compounds, but without the use of sunlight, 
and utilize only inorganic materials- -certain salts, carV)on dioxide, and water — 
for building materials. 

B. Photosynthetic autotrophic bacteria — bacteria, such as the green and purple 
sulphur bacteria, which obtain their energy froiii sunlight and require only 
inorganic substances for building materials. 
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II. Heterotrophic bacteria — bacteria which require organic matter for at least a 
part of their nutrition. 

A, Saprophytic bacteria —bacteria which digest and absorb dead organic matter. 

B. Parasitic bacteria — treated under another heading ( page 283). 

Here (1933) found that in about one-half of the lakes examined, the 
bacterial content was quantitatively proportional to the organic and 
inorganic constituents of the water and that in about one-third of the 
lakes, the bacterial content was proportional to the organic material 
alone. 



Fig. 38. Essential features of the nitrogcm cycle in natural waters. 

Direct Relations to Higher Living Organisms. The direcit relations of 
aquatic bacteria to the higher organisms are roughly of two sorts: ( I ) food 
materials and (2) parasites. 

Bacteria as Food Materials, Many of the Protista (Protophyta and 
Protozoa) devour bacteria. The same seems true of the metazoan mud 
feeders and of some of the higher plankton organisms. Beyond these 
bare facts, far too little is known about this relation in water. Few 
quantitative data arc available. Mention has already been made of the 
growing indication that the bacterial population is mu(di greater than was 
formerly supposed. Birge and .luday (1922) mention Lohmann^s estimates 
that one volume of bacd eria is ecjual to six volumes of Protista and to 300 
volumes of Metazoa, on the basis of their ability to produce living matter in 
the course of one year, and point out that in Ijake Mendota there exists a 
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very much larger proportion of Protista to bacteria than indicated in 
Lohmann’s results. They state, however, that 

. . . the value of the bacteria in the plankton economy of Ijake Mendota is by 
no means as small as these figures seem to indicate, because they multiply at a 
much faster rate than the Protista; the bacteria may pass through a number of 
generations in the course of a day under favorable food and temperature condi- 
tions, while the Protista may not average more than one or perhaps two divisions 
per day under similar conditions. In spite of this marked difference in repro- 
ductive capacity, it appears from the foregoing results that the bacteria do not 
play nearly as important a role in the plankton complex of Lake Mendota as 
Lohrnann’s estimate might lead one to expect. 

Bacteria as Parasites. There is reason to suppose that many, possibly 
all, kinds of aquatic animals suffer from bacterial infections. Evidence 
of such infections appears at times in certain epidemics mentioned in the 
literature While such phenomena are usually recognized only among the 
larger acpiatic animals, there is no reason to suppose that even the minute, 
lower invertebrates are exempt from bacterial diseases, although specific 
information on such infections is very scanty. However, it should not be 
assumed that all such ‘'epidemics'' are of bacterial origin, since some of 
them may be due to other parasitic organisms. 

OTHER FUNGI AND THEIR SIGNIFICANCE 

In addition to the bacteria, water contains a profusion of other kinds 
of fungi often designated roughly as water molds. Not only do they 
abound in fresh waters of all sorts, but they are also very diverse in kinds, 
representing many genera and species. They grow freely upon virtually 
all kinds of organic matter. The dead bodies or fragments of various 
aquatic organisms are (quickly utilized by these fungi. The dead fly 
which falls upon the surface of water and soon develops a halo of white, 
radiating filaments is a familiar instance. The student of fresh-water 
biology is very familiar with those afflictions of fishes, commonly referred 
to as Saprolegnia disease. This malady is due to the entry of a fungus, 
belonging to the genus Saprolegnia^ into the tissues of fish, usually through 
some wound in the skin, often producing conspicuous, surface patches 
of diseased flesh. Eggs of various aquatic animals are also attacked. 
Everyone who has occasion to maintain water cultures is certain to meet, 
sooner or later, the problem of controlling fungus growths Many of the 
water fungi occur upon other aquatic plants, such as the Algae, and, 
interestingly enough, some of them live upon other members of the same 
group; e.g., certain molds are said to affect the saprolegnias. 

Kanouse (1925) studied water molds from various types of habitats 
about Ann Arbor, Mich., such as fresh-water lakes, running water of 
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brooks and rivers, still water in pools near rivers, and stagnant water of 
semimarshy borders of lakes. 

The results indicate that zoospores of Saprolegniae, Achlyae, and Pythio- 
morpha are present in all waters. In the clear, rapidly moving water of brooks, 
rivers, and clear beaches of lakes, these fungi appear almost to the exclusion of 
other forms. The more quiet waters seem to favor the catching of other forms, 
also. This may be due to the fact that vegetation accumulating in or near sucli 
places offers good substrata for a greater variety of fungi, or it may mean that 
because of the disintegration of vegetation or other processes, the correspondingly 
higher concentrations of substances present in solution in water that is being 
changed slowly favor the growth of fungi of certain genera. At any rate, it was 
in the waters of this kind that I^eptomitus, Apodachlya, Blastocladiac, and 
Pythxa were found. Rhipidia were found in clear water and with one exception, 
not in rapidly moving water. The Apodachlya and Leptomitus collections 
came from bait suspended in dirty lake water that must have contained many 
decomposition products from the plants growing at the marshy edge. The lake 
bottom at this location was deep mud. Pythia were collected from bait placed 
in clear quiet water as well as in stagnant water. 

The reader is referred to an excellent treatment of the role of the 
aquatic fungi by Weston (1941). The following statements arc taken 
largely from his account. Among the Fungi only one group is preponder- 
antly aquatic, viz., the aquatic series of the Phycomycetes. In addi- 
tion, scattering representatives of the Fungi Imperfecti, I^asidiomycetes, 
Ascomycetes, and Laboulbenialcs arc known from atpiatic situations. 
They possess numerous, effective means for wide distribution. Water 
fungi are capable of activity and survival under wide ranges of diverse 
physical and chemical conditions. For example, they may thrive under 
conditions of light which range from total darkness to brilliant illumina- 
tion. Temperature, within ranges common in nature, is of minor signifi- 
cance. They show a notable tolerance for the pH of water. Of all the 
factors which usually influence ac|uatic vegetation, it is the dissolved 
oxygen content of the water to which they are most sensitive. Not only 
are they common in the surface waters, but they are known also from 
depths of 50 ft. or more, although it is not yet clear whether those in the 
deeper waters are dormant or active. Little is known concerning seasonal 
distribution. 

The significance of the aquatic fungi in limnology Jies chiefly in two 
roles, viz., as saprophytes, and as parasites. As saprophytes they perform 
a very important function in the reduction and transformation of dead 
animals and plants. In this process they work side by side with the 
bacteria. As parasites they produce a great array of diseases in both 
plants and animals. Weston (1941) states that 
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It is in their parasitism that these fungi attain a significance in limnology far 
surpassing that of the water bacteria; for but few of the latter are destructively 
parasitic on aquatic animals and practically none on plants. In contrast there 
is abundant evidence for the statement that not one of the groups of organisms 
important in inland water escapes some measure from the attacks of aquatic 
fungi. 

In the light of this statement it is clear that the aquatic fungi exercise 
an important influence on biological productivity. 

NONPLANKTON ALGAE AND THEIR ROLE 

Many Algae arc never represented in the true plankton. Such plants 
are largely restricted to the shoal or shallow waters and to the region of 
the shore line. They are diverse in character, including representatives 
of nearly all the major groups of the Algae from the simplest to the highest. 
Some of the simpler ones find lodgment on almost any object in shallow 
water. Others thrive only in those marginal waters which arc pocketed 
by denser growths of emergent, higher plants. Still others, particularly 
the filamentous types, may form masses, streamers, draperies, or even 
great blankets over submerged, rooted vegetation, and other fixed-bottom 
materials of the quieter shoal waters. The various marl-forming Algae 
already mentioned (page 190 accumulate on rocks, projecting parts of 
mussels, and other supporting objects, as well as in and on the bottom 
itself, especially if it be of a sandy nature. Finally, the Characeae are 
rooted and, in certain situations, may thrive f.o the extent of almost com- 
pletely carpeting the entire bottom. The (piantities of nonplankton 
Algae vary greatly in different waters, being sparse in some and of pro- 
digious quantities in others, with all (piantitalive intergradcs between 
these extremes. Lakes with large expanses of shallow water are likely to 
produce generous amounts of such Algae; those with a minimum of shoal 
or shallow waters, such as the mountain lakes, tend to maintain but 
minimal quantities. Irregularity of shore line is also an important factor 
in increasing the production of such plants. As a rule, they are very 
much reduced in quantity on heavily wave-swt^pt shores. 

These Algae perform various functions in the biological complex of 
which they are a part, one of the mOst important being that of furnishing 
food for many aquatic organisms. All of them are fed upon by aquatic 
animals, in spite of the fact that often this feeding activity is not particu- 
larly evident to the casual observer. In some instances, the Algae are 
consumed outright, e.g., by the Dryopidae (Coleoptera) ; while in other 
instances, the cells of the Algae are punctured by the mouthparts, and the 
contents sucked out, e.g., certain Haliplidae (Coleoptera). Even the 
Characeae with their large content of calcium carbonate are not exempt 
from attack. Thus, these Algae, in one way or another, furnish nutrition 
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to many diverse aquatic organisms. When they die and disintegrate, 
they supply certain substances to the water in dissolved form and others 
to the bottom deposits in at least temporarily undissolved form. Among 
the many other services which they may render to organisms are protec- 
tion from excess light, hiding places and retreats from predatory enemies, 
and supports for the attachment of eggs. The general functions in con- 
nection with the chemical cycle have already been discussed (page 99). 



CHAPTER XI 


LARGER AQUATIC PLANTS AND THEIR LIMNOLOGICAL 

SIGNIFICANCE 

CHARACTER OF LARGER AQUATIC PLANTS 

As already indicated (page 219), the larger aquatic plants constitute a 
heterogeneous group composed of a few bryophytes and pterldoph 3 rtes 
and a rather imposing array of representatives of many of the families of 
the spermatophytes. Rare, indeed, are the waters which are completely 
devoid of some of these plants. In some situations, they are present in 
great variety and in immense quantities. These plants vary greatly in 
the degree to which they have become truly a(}uatic; in fact, they present 
an interesting series of gradations from those which are little more than 
amphibious, living at the edge of the water in very moist or water-saturated 
soil, to those which are completely submerged and which have such 
adaptations as are necessary to fit them for continuous aquatic existence. 
They are restricted in distribution to the general vicinity of the shores and 
to the shallow-water areas. The dividing line between marginal, ter- 
restrial plants and aquatic ones is therefore a very indefinite one, a fact 
which, among others, has lent support to the interpretation that some if 
not all of the larger aquatic plants have evolved from terrestrial types. 
However, the origin of the larger aquatic plants is not clear. Some of 
them show evidences of a terrestrial ancestry; others show features which 
have been interpreted by some botanists as evidence of an a(]uatic 
ancestry. Restriction to the shallow water should not be stressed too 
much as evidence of terrestrial origin, since other factors, such as light, 
doubtless have had m\ich to do with limiting the distribution. 

The larger aquatic plants of the United States arc said to be mostly 
indigenous. Muenscher (1944) listed only 19 foreign species which have 
become established in American waters. The native plants are, for the 
most part, rather cosmopolitan within the continent, although certain 
species are highly specific in habitat requirements. The taxonomy of 
some groups is rendered difficult by the fact that they show a considerable 
array of growth forms (“varieties,” “forms,” or other designations), said 
to be environmentally produced. Hotchkiss (1936) listed about 940 
species of marsh and aquatic plants for the United States, exclusive of the 
Algae and many species characteristic of wooded swamps and peat bogs. 
Moyle and Hotchkiss (1945) state that in Minnesota the marsh and 
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aquatic plants, exclusive of the smaller Algae and mosses, include about 
330 species of which 175 may be classified as aquatic, the remainder being 
essentially wet-soil species. Available information for Michigan indi- 
cates that the aquatic group is of about the same magnitude as that of 
Minnesota. 

In a general way, these aquatic plants can be grouped into three 
assemblages: (1) Emergent — those rooted at the bottom and projecting 
out of the water for part of their length, e.g., (jertain common species of 
bulrush, Scirpus, (2) Floating- those which wholly or in part float on 
the surface of the water and often do not project above it. Most forms 
are rooted to the bottom and, except for the leaf blades and flowers, are 
submerged. The water lilies are examples of this type. However, cer- 
tain ones are wholly floating and unattached, such as the duckweed, 
Lemna, (3) Submerged- those which are continuously submerged 
(except sometimes for floating or emergent inflorescences), such as the 
cllgrass Vallimeria, and others. While this grouping is a rough one, it 
is convenient for general descriptive purposes and has a wide use. 

Various more or less elaborate groupings or classifications of the larger 
aquatic plants have been proposed from time to time, but they cannot be 
reviewed here. The following classification taken, with some modifica- 
tion, from Arber's work on “Water Plants’’ (1920) has many points of 
usefulness: 

Biologic A ii Classification of the Laroek Aquatic Plants^ 

I. Plants rooted in the bottom. 

A. Plants which are essentially terrestrial but capable of living, at least tem- 
porarily, as submerged water plants; without any marked adaptation of leaves 
to aquatic life, e.g., Achillea piarmtea (sneezeweed), Nepeta hederacea (ground 
ivy). 

B. Plants sometimes terrestrial; sometimes with submerged leaves markedly 
different from aerial type; aerial leaves associated with flowering stage, e.g., 
certain Urabelliferae, such as some of the water parsnips. 

C. Plants which produce three types of leaf: (1) submerged, (2) floating, and 
(3) aerial. 

1. Plants witli aerial type of leaf generally associated with flowering stage, 
e.g., many Alismaceae, such as certain species of Sagitiaria. 

2. Plants with floating type of leaf generally associated with flowering stage, 
e.g., certain representatives of yellow and white water lilies, water butter- 
cups, water starworts, and pondweeds. 

Z>. Plants whic-h, in certain instances, may ocenr as land forms but are normally 
submerged and characterized by a creeping axis bearii\g long, branching, leafy 
shoots with no floating leaves or by a plexus of leafy, rooting shoots without a 
creeping rhizome. 

1. Leafy aerial shoots produced at the flowering period, e.g., Myriophyllum 
verticUlatum (water milfoil), Hippuris vulgaris (mare’s- tail). 

* Modified from Arber, with permission of the Cambridge University Press. 
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2. Inflorescence raised out of the water, but no aerial foliage leaves except in 
the land forms, e.g., Myriophyllum (except Af. verticillatum) (water milfoil), 
Hottonia palustris (water violet), many potamogetons (pondweeds). 

3. Inflorescence submerged, but essential organs raised to the surface, e.g., 
Anacharis (» Elodea) canadensis (water weed). 

4. Inflorescence entirely submerged, and pollination occurs below the surface 
of the water, e.g., Najasy Zannichellia (horned pondweed), Zostera (grass- 
wrack), Callitriche hermaphroditica (water starwort), HalophUa. 

E, Plants which, in some instances, may occur as land forms but which are very 
commonly submerged and are characterized by an abbreviated axis from 
whi(^h linear leaves arise. 

1. Inflorescence raised above the water or borne on a land plant, e.g., Lobelia 
DorUrumna (water lobelia), Littordla uniflora, Sagitlaria teres, 

2. Inflorescence sometimes raised above water or sometimes submerged, e.g., 
Suhularia aquatica (awlwort). 

F, Plants which are entirely submerged as regards the vegetative organs and 
which have a thallus (morphologically cither of root or shoot nature) attached 
to the substratum. The flowers are aerial. Tristichaceae and I’odostemaceac. 

II. Plants which are not rooted in the bottom but live unattached in the water. 

[A transition between I and II is found in Stratiotes aloides (water soldier), which 
is rooted during part of the year but floats freely during another part. There 
are also a number of rooted plants, such as Hottonia palustris and Anacharis 
canadensiSy which are capable of living unattached for considerable periods.! 

A, Plants with floating leaves or loaf-life* shoots. Flowers raised into the air. 

1. Roots not ])enctrating the bottom, e.g., 11 ydrocharis Morsus-ranae (frogbit), 
Spirodela polyrhiza and Lemna minor (duckweeds.) 

2. Rootless. 

WoljJUi (rootless duckweed). 

B. Plants entirely or partially submerged. 

1. Rooted, but roots not penetrating the* bottom; floating shoots, formed at 
flowering time, raise the flowers into the air. 

Lenina Irisulca (ivy-leaved duckweed). 

2. Rootless. 

a, Inflorcscenc^e raised out of the water. 

Aldrovandia. 

Utricularia (bladderwort) . 

b, Flow'crs submerged ; hydrophilous pollination. 

Ceratophylluni (horn wort). 

It will appear from the foregoing paragraphs that the larger aquatic 
plants present various degrees of. structural diffcirence from the typical 
land plants. Needham and Lloyd (1930) give a detailed account of the 
chief structural characteristics of the vascular aquatic plants, as com- 
pared with the land plants, showing that the former possess a variety of 
differences and modifications, many of which are adaptive, in the struc- 
ture of the roots, stems, and leaves, as well as in such features as muci- 
lage production, development of vegetative reproductive bodies, and 
seed production. The reader is referred to their account for detailed 
information. 
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ZONATION 

One of the most noticeable features of the larger aquatic plants is the 
distinct tendency to be arranged in more or less parallel zones along the 
margins of lakes, ponds, and similar bodies of water. Tn many instances, 
particularly in the smaller lakes or about the more protected, marginal 
regions of larger lakes, this zonation may exhibit great regularity, one 
zone giving place to the next succeeding one with striking abruptness. A 
transect of a lake margin possessing this typical zonation shows the follow- 
ing sequence: 

1. Zone of emergent hydrophytes. This is the zone of those plants 
which are rooted in the bottom, submerged at their basal portions, and 
elevated into the air at the tops. It constitutes the shoreward zone, 
extending from near the edge of the water lakeward to depths which vary 
with circumstances but roughly about 2 m. These hydrophytes all have 
one feature in common, viz., the elevation of the principal chlorophyll- 
bearing portion above water, the submerged portions usually showing less 
(chlorophyll development. In this zone may be found bulrushes {Scirpus 
validus and others), cat-tails {Typha)y reeds {Phragmites)j bur reeds 
(Sparganium) y wild rice {Zizania) y arrowheads {Sagiilaria) y pickerel weeds 
(Pontederia), certain sedges {Carex)y and others. Even within this zone, 
there may be a certain amount of difference in distribution; for example, 
the bulrushes may occupy the deeper water, while certain other plants 
may be restricted to the shallow water at the margin; however, in many 
situations, the plants are intermingled. 

2. Zone of floating hydrophytes. This zone typically occctirs next 
beyond (lakeward) the emergent zone and is composed of plants whi(ch are 
rooted to the bottom but float their foliage upon the surface of the water. 
The depths occupied vary somewhat but are usually about 10 cm. to 
2.5 m. The characteristic plants of this zone are the various water lilies 
(NuphaVy Nelumboy Nymphaea)y the water smart weed [Polygonum amphih- 
ium)y some of the pondweeds (e.g., Potamogeton natans), and others. 
Some of these plants (e.g., water lilies) have rhizomes at the bottom, 
sometimes conspicuous in size. Long petioles connect the rooted rhizome 
with the floating blades. In many instances, the leaves of certain species 
are lifted somewhat above the surface of the water (e.g. Nclumho), 

3. Zone of submerged hydrophytes. Typically, this zone occupies the 
deeper water beyond the zone of floating plants, extwiding downward to 
depths which vary with conditions but in average waters do not exceed 
6 m. The characteristic plants are certain species of pondweeds [Poto- 
mageton)y the water milfoil [Myriophyllum) y the water weed [Anacharis); 
the eelgrass [V allisneria) y the bushy pondweed (iVajas), and others. They 
are rooted at the bottom and often form large, dense areas, particularly in 
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late summer when the growth has reached a maximum. Since these 
hydrophytes are usually not visible from shore and often are only partially 
detectable from a boat, the magnitude of the crop of submerged plants 
produced by a lake is often badly misjudged by the casual observer. 
Great fields of these plants may be produced in the larger lakes with much 
shallow water, while a minimum crop will be found in those lakes which 
have very precipitous slopes and little shallow water. Areas of shallow 
water remote from shore also commonly support quantities of these 
plants, the presence of which is often not evident unless special means of 
collection or examination are employed. 

Other submerged plants occur in certain lakes, constituting what some 
of the older writers have designated as a fourth zone, the Characetum, 
When present, they occupy the water to greater depths, such as 8 to 12 m. 
or more, although patches of them may appear in the shallower regions. 
The principal kinds are the stoneworts (Characeae: Chara and Nitelh), 
bushy pond weed (Najas), and certain aquatic mosses (Drepanocladus 
pseudo-fluitans ) . 

The typical zonation described above, while frequently realized, may 
show various deviations, depending upon prevailing (conditions. The 
form and character of the basin alone may be such as to preclude certain, 
or even all, of the zones. Intermixtures of zones may occur. Extreme 
instances are often found in the well-developed, semi-senescent marl lakes 
in which the larger aquatic plants of the principal zones are virtually 
absent. 

DEPTH LIMITATIONS 

Certain environmental factors, such as light, temperature, wave action, 
and character of bottom, arc so inherently involved with differences in 
depth that it is often difficult to evaluate the effect of any one of them. 
That depth and its associated influences impose limitations upon the local 
distribution of the larger plants is obvious. Too little depth may elimi- 
nate certain groups; too great depth excludes the larger plants completely. 
When decreasing light, due to increasing depth, falls below the effective 
limit, the plants disappear, the critical depth varying greatly in different 
waters. Changes of temperature at different depth levels are seldom if 
ever great enough, during the open season, to limit the plant zone. 
Lower temperatures and low light intensity may retard the growth of the 
plants, diminishing productivity and producing plants of reduced stature, 
e.g., those growing near the greatest depth limit (iliekett, 1924). 

SEASONAL RELATIONS 

In regions having a well-defined winter season accompanied by the 
development of ice cover, the upper portions of those plants composing 
the emergent and floating zones usually die down and disintegrate with 
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the onset of winter and are replaced the next spring. However, the 
extent to which a similar disintegration occurs among the wholly sub- 
merged plants is still uncertain, since there is increasing evidence that 
some of them at least continue in active condition throughout the year 
even under the ice. Evidently enough effective light penetrates the ice 
to make continued photosynthesis possible since plants, apparently in 
good condition, have been found below the ice in late winter. 

QUANTITIES PRODUCED 

Like the yields of crops on different soils, production of the larger aquatic 
plants varies greatly with the nature of the water. Detailed quantitative 
studies by modern methods have thus far been few in number. In this 
country, probably no better investigation has been made than that of 
Rickett (1920, 1922, 1924) on certain Wisconsin lakes. By the use of 
the diving hood, quantitative determinations were made in various depth 
zones. The following data (Tables 26 to 28) are taken from his papers: 


Tabi^ 26. Standing Crop op Largkr Aquatic Plants 
Compiled from Rickett 


Lake 

Area of 
plant zone, 
jsq. meters 

Yield of lake 

Wet weight 

Dry weight 

Kr. per 
hectare 

Lb. per 
acre 

Kg. per 
hectare 

Jjb. per 
aero 

Mendota 

Green 

10,040,000 

8,573,000 

17,788 

15,180 

14,867 

13,540 

2,091 

1,780 

1,801 

1,590 


Tables 26 to 28 indicate clearly not only the difference in general yield 
of the larger plants in different lakes but also the difference in the quan- 
tities of the various plants in the two situations. In Lake Mendota, 
Vallisneria amcricana (== spiralis) constituted about one-third of the 
total quantity; while in Green Lake, it composed less than 10 per cent. 
In Green Lake, Chara composed roughly one-half of the total quantity; 
while in Lake Mendota, it amounted to less than 5 per cent. Other differ- 
ences of a similar sort appear in the tables. There is no reason for believ- 
ing that the contrasts in Lake Mendota and Green Lake are unusual. In 
fact, inland waters differ widely, both qualitatively and quantitatively, 
in the production of the larger plants. 

CHEMICAL COMPOSITION 

Since in their growth processes the larger plants remove, temporarily 
at least, certain essential substances from the water and from the bottom 
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deposits, the chemical composition of the plants themselves may give 
some information as to kinds and amounts of these substances used. On 
the death and decay of plants, a certain return of the contained materials 
is made to the lake. Very little is yet known concerning this exchange. 
Probably the best results of work done in this country come from the 
researches of Schuette and Hoffman (1922) and Schuette and Alder (1928, 
1929). The following table has been assembled from their papers. The 
analyses of two Algae (Chara and Cladopkora) are also included. 


Table 27. Estimated Total Weights of Various Larger Aquatic Plants in 
Lake Mendota, W^jsconsin 
Modified from Rickett 


Species 

1 

Weight, kg. 

Percentage 

Wet 

Dry 

W^et 

Dry 

Potamogeton zosteriformis 

290,000 

50,000 

1.5 

2.2 

P. pectinatus 

1,700,000 

200,000 

9.2 

9.0 

P. amplifolins 

4,200,000 

050,000 

22 7 

29.1 

P, Richardaonii 

1.000,000 

200,000 

8.6 

9.0 

P. lucena 

150,000 

15,000 

0.8 

0.7 

Heteranthera duhia 

200,000 

20,000 

1.1 

0.9 

Naja^ jlexilia 

100,000 

40,000 

2.1 

1.8 

Vallianeria amerirana 

7,500,000 

750,000 

40 5 

33.6 

Ceratophyllum demeraum 

000,000 

50,000 

3.2 

2.2 

Myriophyllum vertirilhilum 

700,000 

90,000 

3.7 

4.0 

Scirpus valid ua 

100,000 

20,000 

0.5 

0.9 

Ranunculua aquatilia 

500,000 

30,000 

2 7 

1.3 

Lemna frisutca 

80,000 

10,000 

0 4 

0.5 

Chara criapa 

500,000 

100,000 

2.7 

4.5 

Cladophora glomerata 

00,000 

7,000 

0.3 

0.3 

Total 

18,58(r,006 

2,232,000 

Tdo.o 

fod.o 


It is evident from liable 29 that plants make demands upon the supply 
of essential materials in the water. From such analyses, it is possible to 
determine, at least roughly, the amounts of the different substances 
removed or, in some cases, returned to the water. For example, it has 
been computed that in Lake Mendota, the annual crop of Vallisneria 
requires a provision of 185,300 kg. of mineral matter and that the annual 
Potamogeton crop requires some 127,000 kg. Substances other than those 
mentioned in the foregoing analyses also occur in the plants, and a source 
for them must likewise be provided in lakes. It is evident that the 
requirements of an annual crop of the larger aquatic plants may be of large 
magnitude in productive lakes. A certain return of essential substances 
results from the decay of the plants, but the degree of completeness of 
return varies with circumstances and the substances involved. 
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Table 28. Total Weights of Various Larger Plants in Green Lake, Wisconsin 

Modified from Rickett 



Weight, kg. 

Percentage 

Species 



— 

— 




Wet 

Dry 

Wet 

Dry 

Ceratophyllum 

2,187,4p0 

152,100 

16.8 

9.9 

Chara 

4,897,800 

754,000 

37.7 

49.3 

Drepanocladus 

105,200 

30,400 

1.3 

2.0 

Anacharis 

536,500 

39,900 

4. 1 

2.6 

Myriophyllum 

1,557,800 

152,600 

12.0 

10.0 

Najas 

116,200 

11,400 

0.9 

0.7 

Potamogeton ampLifolius 

199,700 

22,800 

1.5 

1.5 

P. foliosus 

129,500 

13,600 

1.0 

0.9 

P. graminevs 

198,600 

23,300 

1.5 

1.5 

P. riatans 

105,300 

12,500 

0.8 

0.8 

P. pectinatus 

1,257,000 

149,700 

9.7 

10.0 

P. Richardsonii 

1.37,600 

16,600 

1.0 

1.1 

P. zosteriformis 

450, 100 

52,700 

3.5 

3.5 

Rorippa 

22,500 

2,200 

0 2 

0.1 

Ranunculus 

71,700 

7,600 

0.5 

0.5 

Vallisneria 

437,100 

' 30,000 

3.4 

2.0 

Heteranthera 

132,400 

12,700 

1.0 

0.8 

Carex 

4,200 

400 



Nymphaea 

24,000 

2,000 

0.2 

0 1 

Cladophora 

800 

100 








Nuphar 

60,000 

4,900 

0.5 

0.3 

Scirpus 

! 311,100 

36,500 

2.4 

2.4 

Total 

13,002,500 

1 

1,528,000 

ibo.o 

100.0 


DISTRIBUTION IN DIFFERENT WATERS 

Qualitative composition of the aquatic flora differs in different kinds of 
inland waters, the contrasts Vicing striking in some instances. It appears 
to be reasonably well established that the chemistry of water is the most 
important influence in determining general distribution, although type of 
bottom materials and (jertain physical features also may be very signifi- 
cant. Among the more recent, contributions to the subject is that of 
Moyle (1945), who classified the Minnesota aquatic flora, using water 
quality (chemistry) as the principal basis, into three major groups: (1) 
soft-water flora, (2) hard-water flora, and (3) alkali- or sulfate-water 
flora. Subdivisions of certain of these groups were, also proposed. An 
appraisal of this classification awaits further work in this field. 

LIMNOLOGICAL ROLE 

It is now necessary to consider the functions which the larger aquatic 
plants play in the aquatic complex. Their relations, direct and indirect, 






304 


LIMNOLOGY 


Table 29. Chemical Analyses of Certain Aquatic Plants 
From Schuette and Hoffman^ and Schuette and Alder 


Constituent 

Clado- 
phorat 
per cent 

Myrio- 
phyllum, 
per cent 

VaUtB- 
neria^ 
per cent 

Potamo- 
getout 
per cent 

Nym- 
phaea 
odoraUij 
per cent 

Najas 
flexiliSf 
per cent 

Chxira, 
per cent 

Ash 

26.53 

20.72 

25.18 

11.42 

11.21 

19.16 

41.22 

Crude protein (N X 
6.25) 

18.19 

18.75 

11.80 

8.02 

17.38 

11.62 

4.50 

Ether extract 

2.00 

2.44 

0.73 

0.91 

2.54 

1.63 

0.76 

Crude fiber 

17.33 

15.01 

14.00 

18.85 

19.70 

18.41 

9.32 

Pentosans 

9.10 

7.70 

6.88 

10.50 

11.95 

8.45 

4.70 

Nitrogen-free ex- 
tract 

26.85 

35.38 

41.41 

50.30 

1 

37.22 

40.23 

39.50 


Composition of the ash 


Silica, SiOa 

7.08 

1.96 

5.45 

0.78 

0.32 

1.89 

0.83 

Ferric oxide, FeaOs. . 

0.49 

0.08 

0.81 

0.11 

0.09 

0.40 

0.06 

Aluminum oxide, 








AI2O3 

1.30 

4.25 

0.57 

0.23 

0.08 

0.26 

0.81 

Mangano manganic 








oxide, Mn304 

1 0.75 

Trace 

0.52 

0.08 

0.09 

0.05 

0.08 

Calcium oxide, CaO. 

3.35 

4.28 

8.16 

3.38 

1.89 

8.56 

37.82 

Magnesium oxide. 








MgO 

1.62 

1.34 

1.87 

1.38 

0.75 

1.61 

1.19 

Sodium oxide, NaaO. 



0.81 

0.26 

1.20 

1.05 

0.35 

Potassium oxide. 








K2O 



5 48 

2.08 

2.72 

2.19 

0.58 

Chloride, Cl 

0.14 

1.62 

1 32 

0.56 

0.40 

0.51 

0.29 

Sulfur, S 

0.64» 

1.36^ 

0.85 

0.82 

0.37 

0.48 

0.27 

Phosphorus, P 

0.32« 

1.17* 

0.23 

0.13 

0.27 

0.30 

0.06 

Carbonate, COg 







39.00 


1 Given in f>riKinal table as sulfates (SO4). 

* Given in original tabic as phosphorus pentoxide (P20i). 


are numerous, but the following ones are probably the most important. 

Utilization of Nonliving Matter. Little more than mention of the 
utilization of the mineral salts and carbon dioxide in the building up of 
green plant tissue needs to be made here, since it is so well known. As 
shown in preceding sections, very large crops of such potential food sub- 
stances are thus transformed out of the inorganic materials of natural 
waters. 

It has been contended (Rice, 1916) that the roots of larger aquatic 
plants serve primarily as provisions for holdfast or anchorage; that they 
have very little physiological function in absorbing nitrates and other 
substances from the bottom; and that absorption of nutrient materials is 
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performed mostly by the body of the plant, securing the necessary sub- 
stances from the water and not from the bottom. While it is true that in 
some species the roots are very much reduced, even wanting in some 
plants, there seems, on the whole, to be some well-founded doubt as to 
whether the function of absorption is as insignificant as the statement 
mentioned above would imply. That the function of anchorage has 
become an outstanding one in these plants seems certain; likewise, the 
reduction of absorption by these roots, compared with land plants, is also 
established, but the fact that the roots of several of the genuine aquatic 
species bear root hairs, together with certain results from experiments, 
indicates that absorption is still a function of the roots, even though some- 
what restricted. 

Food for Animals. The fundamental dependence of animals upon 
green plants holds in water as well as on land and includes not only the 
chlorophyll-bearing members of the phytoplankton but also the larger 
aquatic plants. The role of the phytoplankton in the basic food supply 
has long been admitted, but, in the past, some difference of opinion 
existed concerning the extent to which the larger aquatic plants func- 
tioned as direct food materials for aquatic animals. However, studies 
made during recent years have shown conclusively that they are a very 
significant element in the food chain; that a great variety of animals feed 
directly upon them; and that large quantities of these plants are often 
consumed. Moore (1915) showed that species of Potamogeton are exten- 
sively used in this way. Berg (1949, 1950), in studies made on 17 species 
of Potamogeton, found more than two dozen different species of insects 
which feed regularly and extensively on these plants. Frohne ( 1 938, 1939) 
reported that various species of Scirpus, Eleocharis, Carex, and Phrag- 
mites serve as foods for a large array of insects. In addition, unpublished 
work by the writer and certain of his graduate students on Michigan lakes 
indicates that none of the larger aquatic plants is exempt from the direct 
feeding activities of animals; that not infrequently feeding is extensive 
enough to devastate vegetation beds; and that all parts of such plants are 
potential forage. Feeders on these plants comprise a great array of 
invertebrates, insects being a large and diversified component. On the 
other hand, vertebrates are involved only to a lesser extent. That frag- 
ments of larger aquatic plants sometimes occur in stomachs of certain 
fishes is attested by many authentic records. There is reason for believ- 
ing that in many instances such plant fragments are acquired incidentally. 
On the other hand, analyses of stomach contents have been reported 
which, in certain fishes, showed aquatic-plant materials composing up to 
as much as 50 per cent of the total. Some fishes have been described as 
“largely vegetarian.'' The more or less regular occjurrence of sizable 
quantities of plant materials in the stomachs of some fishes may he 
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significant, but the writer has thus far been unable to discover satisfactory 
evidence that any American fish feeds exclusively upon the larger aquatic 
plants. 

Amphibians and reptiles apparently make no significant use of the 
larger aquatic plants as food. On the other hand, many aquatic birds, 
especially ducks and geese, feed extensively upon them (Martin and 
Uhler, 1989; Bellrose, 1941; Bellrose and Anderson, 1943; Moyle and 
Hotchkiss, 1945). Of the mammals, but very few species (muskrat, 
beaver, deer, moose) secure food from these aquatic plants, and, with the 
exception of the muskrat which is said to depend upon aquatic plants 
more than any other North American mammal, the use is a very limited 
and occasional one. 

Available evidence seems to indicate that at least some of the larger 
aquatic plants are more than ordinarily nutritious. Nelson et al. (1939) 
found that Anacharis, Myriophyllum, and Vallisneria have high protein 
and carbohydrate content and that they contain several vitamins. 
Similar results from other species are on record. 

Alterations of Bottom. Plant growths alter the character of the bottom 
to which they are attacdied in several ways, some of which are (1) the 
mechanical stabilization of the bottom materials by their root growths 
and by their mass reduction of wave effects, thus more or less eliminating 
the shifting of bottom materials due to wave action; and (2) filling due to 
retention of accumulating materials, some of which arc the remains of the 
plants themselves. 

Mechanical Support. These plants function as mec.hanical support for 
many different animals. Hydra, Bryozoa, sponges, larval cases and egg 
masses of insects, rotifers, and others commonly find attachment on the 
exterior of the plants. They also serve as support for many of the Algae. 
Clinging forms make temporary use of them in maintaining their position 
below water or in resisting water movements. Even free-swimming 
forms with no means of attachment, such as the Naididae (Oligochaeta), 
may associate themselves with these plants in such a way as to maintain 
their position even in the face of considerable wave action. 

Breeding Places. Not only may the areas within a vegetation bed be 
used as breeding places, but the 'plants themselves often serve that pur- 
pose. Some aquatic insects deposit their eggs either on or within the 
tissues of various plants. In many instances, the resulting larvae develop 
in the leaves, petioles, stems, or root stalks, while larvae of other species 
develop on the outside of the plants. A great many of the remarkable 
adaptations of aquatic insects to water involve ingenious methods 
of making use of the plants for life-history purposes. Various other 
animals develop here also, such as mollusks, annelids, and many 
microorganisms. 
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Relation to Turbidity. One of the newest additions to knowledge of 
the role of larger aquatic plants is the discovery by Irwin (1945) that, in 
Oklahoma waters which are commonly very turbid due to colloidal soil 
particles, (1) new impoundments, which have flooded large areas of 
vegetation, become clear in the early periods of their existence; (2) 
impounded waters have much reduced turbidity if their basins support 
abundant growths of submerged, larger aquatic plants; and (3) removal 
of larger submerged plants from a lake results in increased and continued 
turbidity of the water. Irwin suggested that this precipitation of colloidal 
soil particles from water may have its basis in an ionization process which 
yields positive ions, making possible the neutralization of negative charges 
on the particles, thus resulting in the settling of the latter. If this process 
exists in other situations and in the presence of other kinds of turbidity- 
producing substances, then it is evident that larger aciuatic plants play an 
important part in the maintenance of clearer water. As indicated on 
page 165, aquatic plants are known to give off substances which seem to 
effect surface tension. Possibly among these exudates there are sub- 
stances which participate in sedimentation processes similar to those 
described by Irwin. 

Other Relations. The larger aquatic plants also function limnologi- 
cally in the following ways: (1) as shelter from excess light: (2) as refuge 
from predatory enemies; (3) as materials for abode, such as the cases of 
certain aquatic insects; (4) in the local reduction of wave action; (5) in 
the dissemination of certain animals, e.g., the breaking off and floating 
away of pieces of the plants bearing various life-history stages of different 
aquatic organisms; (0) in marl formation; (7) in the production of dis- 
solved oxygen; and (8) in the consumption and production of carbon 
dioxide. Still other functions may occasionally be performed. 

Under certain circumstances, growths of the larger aquatic plants may 
literally capture a part of, or even the whole of, a body of water, ulti- 
mately changing its chara(jter completely. An instance is that of the 
water hyacinth, a plant introduced in some of the Florida rivers where it 
has covered large areas of water by the formation of surface mats. The 
submerged plants may also choke certain of the more protected waters, 
to the detriment of some kinds of life and the advangage of others. 

Relation to General Productivity. That general biological productiv- 
ity depends largely upon the plankton seems to be widely accepted at the 
present time. If this conclusion is correct, then it is, obvious that any 
circumstance which tends either to increase or to decrease the plankton 
has an important bearing upon the problem of production. Some years 
ago, Kofoid (1903) concluded that “the amount of plankton produced by 
bodies of fresh water is, other things being equal, in some inverse-ratio 
proportional to the amount of its gross aquatic vegetation of the sub- 
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merged sort.’* This conclusion, based upon field data taken in certain 
lakes which are a part of the Illinois River system, referred to the 
mergedf unattached vegetation. It was not contended that all vegetation 
is inimical to the development of plankton 

. . . but only such as successfully competes with the phytoplankton for the 
available plant food and thus brings by its decay no additional sources of plant 
nutrition into the water. . . . Where, however, by reason of the local conditions, 
or the nature of the constituent plants, the aquatic vegetation adds by its decay 
to the fertility of the water owing to its utilization of sources of food in the soil 
and the air not available to the phytoplankton, we may expect to find the develop- 
ment of the plankton fostered by such vegetation. These conditions are realized 
wherever rooted, and especially emergent, vegetation prevails and contributes 
by its decay to the enrichment of the water. A belt of littoral vegetation of this 
sort may thus be of considerable effect in maintaining the plankton in a body of 
water. 

This quotation from Kofoid is given here owing to the fact that not 
infrequently in the past his statement of the inimical effect of the non- 
rooted vegetation on plankton production has been used as if it were a 
general conclusion for all aquatic vegetation, omitting the qualifications 
indicated above and leading to the wrong interpretation. Klugh (1926) 
summarized the literature dealing with the significance of the larger 
aquatic plants, and the reader is referred to his paper for further details. 
In general, it appears that the greater the development of the larger 
aquatic vegetation, the greater the biological produ(*tivity of a body of 
water. When special circumstances prevail, or when the plant crop is 
restrict(Hl to certain species, it is possible that the effect may be of the 
opposite type. Klugh (1926) has proposed that the amount of rooted 
submerged vegetation has possibilities as an index character of produc- 
tivity. Certain lakes, however, abundantly supplied with rooted sub- 
merged vegetation, are very low in plankton, and, on the other hand, some 
lakes with an exceedingly small amount of such vegetation may have 
what seems to be an unexpected large crop. Raymond (1937), in a 
study of a marl lake practically devoid of larger aquatic vegetation, found 
that the plankton was also very scanty, both qualitatively and quantita- 
tively. Recently, Hutchinson and Bowen (1947) have reported competi- 
tion between certain larger plants and plankton for phosphorus and sug- 
gested that possibly this competition may account for certain phyto- 
plankton minima in spring. 

Since the nonrooted larger plants do not absorb nutritive substances 
from bottom deposits, but depend upon those within the water itself, the 
contention that such plants are in more direct competition with plankton 
may be well taken. The end result of such competition, if and when it 
occurs, possibly may not always be in the form of an inverse ratio,” as 
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reported by Kofoid for the Illinois Biver. It would appear to be within 
the realm of possibility that in some situations competition for essential 
nutritive substances by plankton and the larger aquatics might result in a 
corresponding reduction in both. However, the literature contains 
instances in which phytoplankton in ponds was lowest when the large 
acpiatic plants were most luxuriant. In a recent paper, Hasler and Jones 
(1949) present evidence to show that in small ponds studied by them 
dense growths of large aquatic plants had an inhibiting effect upon phyto- 
plankton and plankton rotifers, although plankton crustaceans were not 
affected. They suggest that the large aquatic plants may have certain 
competitive advantages when they reach a certain density of population. 

It would appear that as an index character of general biological pro- 
ductivity the larger aquatic vegetation must be employed, for the present 
at least, with caution, although it does seem evident that in some instances 
it is indicative of production. 



CHAPTER XII 


NEKTON 

The tenn nekton is used to designate those organisms which swim freely 
in water and possess an eflSciency of locomotion which enables them to be 
more or less independent of the drifting effects of water movements. 
The dividing line between plankton and nekton is not always clear, since 
integrading instances are numerous. Sometimes these border-line cases 
are adult organisms; sometimes they are some other stage in a life history. 

In the limnetic regions of inland waters, the nekton is composed almost 
entirely of fishes. My sis relicta (Crustacea), a supposed relict form, 
occurs in some of the Great Lakes and elsewhere at considerable depths 
and in some situations is known to migrate to the surface at night. It 
also inhabits certain lakes in Europe. Pontoporeia hoyi (Amphipoda) 
also occurs in the deep water of the Great Lakes but seems to be regarded 
by some authors (Eggleton, 1937; Eddy, 1943) as a bottom organism. A 
very few other invertebrates might be mentioned in a general list of 
limnetic nekton forms, but at least some of them are also border-line 
instances between the nekton and the benthos. Not all fishes are strictly 
limnetic in their habits; in facit, this group is usually in the minority when 
compared with the littoral group; for example, in Douglas Lake, Michigan, 
only about one-fourth of the species known for the lake might justly be 
listed as limnetic, and these only in the older stages of the life liistory. 
The limnetic nekton animals may inhabit the whole of the open water of a 
lake and down to its greatest depths, provided the lowermost waters 
maintain suitable conditions for their existence. Even under stagnation 
conditions, there are evidences that some of the linmetic fishes make tem- 
porary excursions into the underlying hypolimnion. 

In contrast to the limnetic regon, the littoral area is the zone of greater 
nekton population. Although this region may constitute little more than 
a mere fringe about the periphery of a lake, the greatest diversity of 
species and the largest mass of individuals of nekton are usually concen- 
trated there. In addition to the fishes, young and mature, numerous 
free-swimming invertebrates occur, of which insects form a sizable part. 
Vegetation zones, particularly the “pondweed” zone, usually contain 
the largest nekton population. As will be shown later (page 322), the 
conditions of the littoral region differ from place to place, and the char- 
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acter of the littoral nekton varies accordingly, being greater and more 
diverse in some places than others. 

Whether any of the other aquatic vertebrates should be considered as 
nekton is largely a matter of opinion. Possibly, the clearest case of all is 
the puzzling occurrence of seals in Lake Baikal, Siberia. All major groups 
of the vertebrates, in addition to the fishes (Amphibia, Reptilia, Aves, 
and Mammalia), have representatives more or less adapted to water and 
which, at times at least, are free swimming. In fact, the Amphibia are 
preeminently aquatic in their developmental activities, and some of them 
are completely aquatic throughout the whole life cycle, e.g., Nectunis. 
Most of them, however, are tied to the water’s edge by physiological 
demands of one kind or another in the adult stages. Most adult and 
larval amphibians have the ability to swim in the quieter waters of the 
littoral region. Among the reptiles, a few turtles and snakes have 
acquired certain aquatic habits, often taking to water and swimming 
about freely but not far from shore; they are, nevertheless, essentially 
terrestrial, are air breathers, and deposit their eggs on land. In certain 
southern regions, alligators and crocodiles occur in fresh waters but, like 
the other so-called aquatic reptiles, are closely tied to the shore. Many 
of the birds, although inherently terrestrial, have developed intimate con- 
nections with the water and possess some remarkable adaptations to it, 
some of which consist of highly efficient swimming and diving activities. 
Gulls, terns, ducks, and others too well known to mention here may occur 
on waters, sometimes far from shore, and might be considered among the 
nekton if the term nekton were interpreted to include temporary swim- 
mers on the surface. The aquatic mammals (beaver, muskrat, otter, 
mink, and others) arc also temporary inhabitants of the water. Probably 
there is little profit in including the aquatic reptiles, birds, and mammals 
in any (consideration of either the nekton or any other assemblage of 
strictly aquatic organisms, even though they do have complex interrela- 
tions with the water populations. 

The literature contains attempts to divide the nekton into depth zones; 
but the position of the proposed lines of separation is somewhat artificial, 
and the zones often variable. It appears to be true that certain fishes 
select the deeper, cooler waters; others, the intermediate regions; and 
still others, the upper strata. Such a distribution often depends upon 
the season, the physiological state of the fish, and the stage in the life 
history. It has been claimed (Shelford, 1913) that in the Great Lakes, 
the whitefish and certain others exhibit a horizontal depth stratification 
in which some half-dozen species are arranged one above the other in 
their distribution, with the shallowwater cisco, Leucichthys artedi, in the 
surface waters and the deepwater sculpin, Triglopsis thompsoni, confined 
to depths below 115 m., the other species occupying levels between these 
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extremes. Koelz (1929) made an exhaustive study of the whitefishes of 
the Great Lakes, and his excellent statement of the essentials of vertical 
distribution is as follows: 

The physical conditions in the lakes vary, and the adaptability of the species 
also is different, so that it is not possible to generalize too strictly about the 
habitat selection of any species in the basin. In some lakes, species that regularly 
inhabit shallow water elsewhere may be driven, by competition on the shoals or 
by absence of shoals, to find a living in deeper water; and, being adaptable, they 
may thrive there (I^ke Ontario). In other cases, species that regularly inhabit 
deep water have been known to occur abundantly in shallow water only (Lake 
Nipigon) ; but in general, in any lake, there are certain groups of species that are 
found in shallower water than others. In general, artedif clupeaformis, and 
gwxdnlaierdle are shoal-loving forms; alpenae^ zenithicm, reighardi, and hoyi 
also like comparatively shallow water; but johannae, nigripinnis, and kiyi are 
found chiefly in the deeper waters. 

The bathymetric distribution of the species or groups of species is zonal. 
Each occupies a rather broad zone defined by the depth of water at its margins. 
At the center of the zone, each has its greatest density of population, and this 
density diminishes toward the margin of the zone. Only a few stragglers are 
found beyond their zones, except during the breeding migration. The zones 
overlap at their margins, so that the different forms intermingle there in rela- 
tively small numbers. 

There are no data to indicate why these zones have been selected by the 
various species or groups of species. Nothing is known about their reactions to 
the various physical and chemical factors of their environment. Possibly, the 
selection is influenced by the character of the bottom. Throughout the area 
inhabited by the shoal group, the hydrographic map shows rock, gravel, and 
sand; and in the deeper parts of the lakes, clay and mud. While each species 
may range over all of these types of bottom within its zone, of course it is not 
only possible but probable that there are differences in the character of the areas 
designated on the chart as mud, clay, etc., and that these differences influence, 
indirectly, the distribution of the fish. Certainly, all of the forms except artedi 
(which is a plankton feeder and therefore normally takes its food above the 
bottom), so far as known, are confined to a bottom stratum of water of a thick- 
ness of not more than 5 ft. In this stratum, they find their food, which consists 
(in all forms) chiefly of various species of Crustacea and Mollusca. The charac- 
ter of the food available probably is determined directly by the character of the 
bottom, and therefore a knowledge’ of the food regularly taken by each species 
would be helpful in defining this factor of the habitat. 

Spawning grounds of the Great Lakes whitefishes, in so far as they are 
known, appear to be determined roughly by the vertical distribution of 
the fish themselves. The shallowwater cisco, Leucichthys artedi; the 
lake whitefish, Coregonus clupeaformis; bhA the round whitefish, Prosopium 
cylindraceum quadrilaterale, spawn on the shoals in November and early 
December; shortnose cisco, Leucichthys reighardi, spawns in Lake Michi- 
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gan and Lake Huron, in May probably at depths of less than 36 m.; the 
bloater, Leucichthys hoyi, spawns in Lake Michigan and Lake Huron, in 
March at depths of 36 to 56 m. ; while at least three other species spawn in 
the deep water (110 m.). It is interesting to note that many of the 
different species in the same Great Lake spawn at different seasons of the 
year; also, that the spawning season of the same species may differ greatly 
in the different Great Lakes. 

The food of the young of the Great Lakes whitefishes seems to be 
secured from the plankton, a food habit which may bring the immature 
fish into the uppermost waters, thus, in some instances, giving them a 
vertical distribution different from that of the more mature stages. 

Other fishes, such as the lake trout, Cristivomer namaycush, and the 
burbot. Lota lota^ occur in the deeper waters of the Great Lakes. In 
addition to the fishes of the deep waters and the upper waters remote from 
shore, there are the numerous species which, in both young and adult 
stages, occupy the various habitats of the shoreward regions. 

In the inland lakes, the strictly limnetic fishes become rapidly^ reduced 
with decrease of depth and of surface area, so that, in very small lakes, 
such a group ceases to exist, and such fishes as do occur constitute merely 
a littoral nekton. In Douglas Lake, Michigan, a lake about 4 miles long 
and about 2.3 miles in maximum breadth, mth a maximum depth of 28 
m., Reighard (1915) found the fishes distributed into four different com- 
munities as follows: (1) the community of young fishes which occupy the 
sandy shoals; (2) the stony-shoal community; (3) the vegetation com- 
munity; and (4) the deep-water community, this group containing the 
common sucker (17.8 to 30.5 cm. long); the pike (30.5 to 76.3 cm. long); 
the small-mouthed black bass (30.5 to 40.7 cm. long); the yellow perch 
(21.6 cm. long); and the burbot. Earlier stages of these deep-water 
species occur as regular components of some of the other communities; 
for example, the young of the yellow perch are conspicuous in the assem- 
blages on the sandy shoals; still older stages form a part of the vegetation 
(iommunity; and finally, with increasing age, the older individuals pass 
over into the deep-water assemblage. Thus, the community of young 
fishes is a temporary one in the sense that none of the individuals of any 
of the species remains there throughout the whole life history, but before 
their second season they all desert the shoals. On the other hand, the 
stony-shoal community is permanent except as it was possibly interfered 
with by winter conditions. Pearse (1921) found that in Green Lake, 
Wisconsin, the distribution of the fishes, in the summer, shows a definite 
stratification as follows: 0 to 10 m. depth, all species known for the lake 
except adult ciscoes; 10 to 20 m. depth, only large pickerel, small-mouthed 
black bass, and suckers; 20 to 40 m., no fishes caught; 40 to 70 m., ciscoes 
only, but they were abundant. 
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Much research has been directed at the bathymetric distribution of 
fishes in inland lakes. Like plankton, the nekton seldom if ever manifests 
uniform distribution, this lack of uniformity being due to various causes. 
Formation of local aggregations, seasonal migrations, diurnal movements, 
distribution of food, reproductive cycles, presence or absence of shelter, 
movements of water, oxygen distribution, temperature conditions — these 
and other limnological circumstances form a complex background for the 
phenomena of bathymetric distribution of fishes. These potential infllu- 
ences have many interrelationships. They interlace in so many different 
ways that it seems cert ain that no single explanation for the various differ- 
ences in fish distribution will be forthcoming. 



CHAPTER XIU 


BENTHOS 

The term benthos includes all bottom-dwelling organisms. This group 
presents a great assemblage of plants and animals. Among the ani niftls 
are representatives of most of the phyla. The plants comprise a similar 
diversified array. It must be understood that the term benthos includes 
organisms of the bottom from the uppermost water-bearing portions of 
the beach down to the greatest depths. As might be expected, the 
benthos varies widely with different conditions of bottom, both at the 
same level and at different depths. In fact, variations are so diverse and 
so marked that it is difficult to discuss them as a whole. Benthos and 
nekton intergrade in various ways. 

CLASSIFICATION OF BENTHIC REGIONS 

Many liranologists recognize three major zones on a lake floor, viz., (1) 
littoral, (2) subUttoral, and (3) profundal. In addition, a fourth one, the 
abyssal, is sometimes designated in lakes of very unusual depth, this zone 
beginning at about (500 m. and extending to the deepest regions. Few 
lakes have depths of such magnitude. While these zones have certain 
general distinguishing features which can be recognized, it must be under- 
stood that they grade into each other and that any lines of demarkation 
which may be agreed upon arc, in certain respects, artificial. The extent 
of these zones is expressed in terms of depth of the water. Their breadth 
(depth extent) varies greatly in different lakes, since they are the direct 
result of the form of lake basins. For example, some lakes may have so 
shallow a basin that the entire bottom can justly be said to be within the 
littoral zone, while lakes with basins of (fonsidcrable depth and very pre- 
cipitous slope have an exceedingly narrow littoral zone. 

As commonly used, the littoral zone extends from the water’s edge to the 
lakeward limit of the rooted aquatic vegetation; the sublittoral zone 
extends from the lakeward limit of the rooted vegetation down to about 
the level of the upper limit of the hypoliranion; and the profundal zone 
includes all of the lake floor bounding the hypolintnion. If these terms 
are defined in this way, it is obvious that a lake, irrespective of its area, 
may be so shallow that its whole bottom comes within the littoral zone; 
that, similarly, a lake with depths which go beyond the limit of rooted 
plant growth but which does not stratify thermally and chemically would 
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have its whole floor within the littoral and the sublittoral ; and that since 
the extent of the hypolimnion, when present, varies with the progress 
of the summer season and with other circumstances, the region of separa- 
tion between sublittoral and profundal zones is not a permanent one. 
While there is a lack of agreement among limnologists as to the details of 
this classification (Table 30) or, for that matter, as to the desirability of 
this particular classification, it appears to be as useful as any thus far 
proposed. The major zones are occasionally subdivided, e.g., upper 
suhlittoral and lower sublittoral and tipper profundal and lower profundalj 
but it does not seem certain as yet that this practice has any great value. 
Fortunately, most investigators state the depth limits of the major zones 
which they adopt, thus avoiding, in part at least, some of the confusion 
which would otherwise result. Application of these terms to lakes may 
be illustrated from the work of Eggleton (1931) (Table 31). 


^ABLE 31. Extent ok Major Benthic Zones in Certain Lakes 
Data from Eggleton 


Lake 

Littoral, in. 

Suhlittoral, m. 

Profundal, m. 

Douglas Lake, Mirh 

0-9 

9-15 

15 28 

Third Sister Lake, Mich 

0-3 

3-10 

10-18 

Kirkville Green Lake, N. Y 

0-3 

3-8 

8-61 


BEACH ZONES 

Formerly it was a common practice to regard the benthic region as 
beginning at the water^s edge and extending to the deepest region. How- 
ever, it became necessary to change this conception when it was discovered 
that portions of certain kinds of beaches regularly support a rich and 
diversified biota. Since the representatives of this biota are almost 
invariably truly aquatic, living in the water held in the interstices of 
beach materials, and since this water has a direct continuity with the 
main body of the lake or stream, the organisms involved arc now com- 
monly considered as benthos and the environment inhabited by them as a 
part of the benthic region. For limnological purposes, the beach environ- 
ment has been subdivided in various ways, sometimes on the basis of 
natural criteria and at other times apparently on little more than arbi- 
trary convenience. Certain proposals appear in/Pable 30. A simple, 
natural, and frequently usable subdivision follows. 

Exposed sandy beaches often maintain three parallel environments 
which, while they grade into one another to some extent, have a certain 
degree of distinctness depending somewhat upon local conditions. (1) 
The inner beaxih — that part extending from the water's edge, during 
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periods of calm water, up the slope to the place where the surface of the 
sand ceases to be Ksaturated with water and shows the first traces of dry- 
ing. This zone is relatively narrow and is exposed, in part at least, to the 
slight wash of the gentle waves of calm weather. (2) The middle beach — 
that part occupying space just beyond the inner beach and constituting 
the region which is subject to the wash of waves only during conditions of 
ordinary rough weather. In calm weather, this part of the beach, while 
containing water at lower levels, shows a dry surface. (3) The outer 
beach — that part of the beach which extends from the middle beach to the 
outer limits of the beach proper. It is washed by waves only during the 
most violent storms or during times of highest water levels. During the 
summer season, it is usually dry to some depth, is subject to a certain 
amount of shifting due to wind action, and may show a scanty encroach- 
ment of beach plants. 

The degree to which these three regions are developed is largely a mat- 
ter of the kinds of materials which compose the beach. These zones occur 
in best developed form on exposed sand beaches with a gentle slope. 
These three conditions of exposure to wave action exist even on a rocky 
shore, but the substral/Um may provide no means of retaining a permanent 
moisture content above the water line. Mud shores may develop these 
zones to some degree. Such zones produced on exposed shores are often 
kept free of debris, although a certain amount of detritus becomes 
mingled with the sand, and drifts of organic matter may accumulate near 
the water line during calm weather. 

Another subdivision which has received some notice and use of recent 
years is that of Wiszniewski (1933), who introduced the term psammo- 
littoral to designate the sandy zone from an unspecified position in a lake 
to a region a few meters above the water’s edge. He divided the psammo- 
littoral region into (1) the hydropsammon — the submerged sandy bottom 
lakeward from the water’s edge; (2) the hygropsammon — the zone imme- 
diately landward from the water’s edge (about I m. wide), which is 
almost constantly saturated with water; and (3) the eupsammon — the 
zone next landward beyond the hygropsammon. In this subdivision, the 
hygropsammon corresponds roughly to the injier beach and the eupsam- 
mon to the middle beach. 

It would seem logical to consider the inner beach and the middle beach 
as merely an extension of the littoral zone and therefore an integral part 
of it. Seldom are these zones fixed in position. In lakes whose surface 
level falls during the summer, areas of submerged bottom near the water’s 
edge become transformed into inner beach by i*c treat of the water, and 
simultaneously the earlier inner beach becomes middle beach and middle 
beach transforms into outer beach. This gradual movement of the zones 
continues until the lowest surface elevation of the lake is reached; then if 
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surface elevation of the lake rises, the migration of zones described above 
will be reversed. 

PERIPHYTON 

The term periphyton is now commonly used to designate that miscella- 
neous assemblage of organisms growing upon free surfaces of objects sub- 
merged in water. It frequently takes the form of a slippery brown or 
green layer. It is commonly found on plants, wood, stones, and various 
other objects. Periphyton in some form appears to be a constant feature 
in unmodified inland waters, often conspicuous especially during the sum- 
mer. Locally it may develop from a few tiny gelatinous plants and in 
time culminate in a compac^t felted coat which may be soft and slimy or, 
in some situations, crusty with contained marl or silt. 

Periphyton seems to develop best in littoral and sublittoral regions. 
In lakes having thermal and chemical stratification, it appears to be con- 
fined to bottom areas above the level of the lower limit of the thermocline. 
It is usually reduced in amount wherever wave action is severe. 

Because of its almost universal presence in water and the conspicuous 
quantities often produced, periphyton must play some important role in 
limnological processes of a lake or stream. Inhere seems to be at present 
a tendency among limnologists to regard periphyton as a part of the 
henihoSy and it is so treated in this book. However, it must be understood 
that in some respects the periphyton is not a typical benthos. It may 
occur generously upon various kinds of supports held up in the water 
many feet above the bottom. F'urthermore, it must be pointed out that 
a mass of periphyton is likely to contain both plankton and benthic 
organisms. Plankters are caught and held in the tangle of attached 
forms. In such a mass, the accidentally entrapped plankters should be 
regarded as extraneous. But it has been shown (Young, 1945) that even 
the forms which compose the true periphyton when washed off their sup- 
ports may becjoine then a part of the plankton. 

ZONATION OF BOTTOM DEPOSITS 

Considering bottom deposits from the point of view of their most funda- 
mental characteristics, and omitting, for the time, the innumerable, lesser 
variations, the littoral, sublittoral, and profundal zones present bottom 
materials of distinctly different sorts. 'Che littoral zone comprises the 
basic materials which compose the shore itself (sand, gravel, stones, rock, 
earthy materials, and the like), modified by the action of water, by drift 
materials, by plant growths, and by organic deposits of more recent origin. 
The bottom materials of the sublittoral region arc of a transitional sort, 
grading from those of the littoral zone to those of the profundal zone and 
showing an increasing accumulation of tnie bottom deposit (materials 
deposited upon the original basin surface). Finally, the profundal zone 
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is the region of very finely divided, soft oozes which carpet the lowermost 
parts of a lake basin, sometimes to a great thickness, and which are absent 
locally only when, under very special conditions, some movement of the 
deep waters transports them elsewhere as they are formed. Absence of 
oozes in certain Old World lakes has been theoretically accounted for by 
assuming that they were subsequently dissolved, an assumption which 
awaits convincing proof. 

DISTRIBUTION OF BENTHOS 

The fundamental importance of the benthos in the economy of natural 
waters has led to a large number of investigations dealing with the qualita- 
tive and quantitative aspects of this biota. For the most part, these 
studies have dealt with inland lakes, while the Great Lakes and others of 
similar magnitude have as yet rec^eived but little attention. 


Qua^litative Distribution 

While the different conditions of bottom, exposure to wave action, and 
other modifying circumstances which diversify the littoral zone bring 



Moopic animals in the littoral bottom from the water line ont to a dtjpth of 6 m., in Lake 
Mendota, Wisconsin, and in South Bay, Lake Oneida, N. Y., during the summer season. 
{Data for Lake Mendota taken from Muttkowakif 1918; data for Lake Oneida from Baker ^ 
1918.) 

about local differences in the fauna, it appears that, as a whole, the littoral 
zone supports a much greater number of different kinds of animals than 
do the sublittoral and profundal zones. Figure 39 shows the qualitative 
depth relations as they occur in two American lakes, indicating that the 
greatest diversity of life occurs roughly in the region of 0.5 to 3 m. While 
this is a common type of species distribution in the ordinary inland lakes, 
it must not be assumed that it is a constant condition. The zone of 
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greatest number of species may vary considerably in position in different 
lakes, and lakes have been reported in which many species occurred at 
all levels from the surface to depths of 100 m. or more. Instances are 
also known of lakes possessing two zones of maximum number of species. 
Under any circumstances, the number of species of bottom organisms 
declines abruptly at the lower margin of the thermocline in lakes in which 
thermal and chemical stratification are well established. 

The littoral and sublittoral populations, exclusive of the microscopic 
forms, contain many insects and mollusks, these two groups often com- 
prising as much as 70 per cent, or even more, of the total number of the 
different components present. Of these groups, insects often outnumber 
the different species of mollusks, although the reverse condition may 
occur. In the latter instance, the number of species of mollusks may 
truly outnumber the species of insects, but sometimes this relation is 
merely an apparent one due to the fact that the examinations may have 
been made at the time when the transformations of bottom-dwelling, 
immature insects into the aerial, adult stages have temporarily eliminated 
the more conspicuous instars from the littoral zone. 

With increasing depths beyond the littoral zone, the number of different 
benthic species usually diminishes, often rapidly. The levels at which 
different species fade out vary with the different lakes and their special 
circumstances, but it may be expected that in average, temperate lakes 
of the first and second orders, all species of sponges, Hryozoa, Platyhel- 
minthes, snails, bivalves (except Sphaeridae), and almost all species of 
nematodes, annelids, and insects wdll commonly disappear within the first 
18 m. of depth. Exceptions occur, e.g., the reported permanent occur- 
rence of snails in the deep waters of certain European alpine lakes; also, 
the occurrence of Amphipoda to depths of 118 m. in Lake Nipigon, 
C'anada. Since, in many instances, the various species have their own 
particular zonal distribution, they do not all disappear together but 
instead drop out in a sequence of single species or groups of species. 

The typical profundal benthic population, discussed in another con- 
nection (page 184), is a heterogeneous assemblage composed of a very few 
representatives of widely different animal groups. There is no constancy 
of composition in different types of lakes. Some lakes have no profundal 
benthic animal population at all, this circumstance usually arising from 
decomposition conditions of unusual severity and lacking relief owing to 
the absence of complete overturns. Even within a single lake basin, 
differences in the composition of the population may occur at different 
places, particularly in those lakes which possess a multidepression basin 
(submerged, isolated depressions within the main basin), thus constituting 
one of the several evidences of depression individuality. In the multide- 
pression basin of Douglas Lake, Michigan, four of the depressions, during 
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mid- and late summer, show a profundal benthic fauna composed almost 
exclusively of representatives of insects (Corethraj ChironomuSy and Pro- 
tenthes) and annelids (Tubificidae), while the other two major depressions 
contain, in addition, several other kinds of animals. 

The nature of the bottom has a selective influence upon the quality of 
the fauna. Baker (1918) classified bottom materials in the littoral zone 
(0 to 5.5 m.) of Lake Oneida, N.Y., into six general types, as follows: mud, 
sand, clay, gravel, boulders, and sandy clay. Of the macroscopic fauna, 
26 species lived on all six kinds of bottom; 24 upon three kinds; 16 upon 
four kinds; 27 upon two kinds; and 77 upon but one kind. Analyzed in 
another way, 1 1 4 species were found upon a mud bottom ; 1 04, upon sand ; 
83, upon clay; 58, upon gravel; 73, upon boulder bottom; and 72, upon 
sandy clay. While this example indcates distinct differences in the dis- 
tribution of the various species, no general conclusion can be drawn from 
the data or, for that matter, from many other such sets of data which 
occur in the literature, since (1) classifications of bottom materials for 
these purposes are as yet too rough and unstandardized to insure that 
those designated by various authors are sufficiently similar to be com- 
parable; and (2) selective influence of the bottom materials may be 
modified and even superseded by the influence of other factors in the 
environment operating simultaneously; for example, Baker points out, in 
connection with his results mentioned above, that ^Hhe effect of the differ- 
ent kinds of bottom is greatly modified by a mass of filamentous algae 
which covers large areas of the bottom like a blanket and makes a uniform 
algal habitat over the diverse kinds of bottom.’^ Mud bottoms are often 
described as supporting the greatest number of diff erent species, but there 
are records which portray the situation as otherwise, even to the extent of 
reporting the smallest number on mud bottoms. Bottoms classified as 
sand vary greatly in the fauna which they support, depending upon 
Avhether these bottoms are exposed and wave swept or protected and non- 
shifting. Krecker and Lancaster (1933) studied the bottom of western 
Lake Erie at depths of 0 to 2 m. and found the smallest number of different 
kinds of animals per unit area on sand and the maximum number on flat 
rubble. 

Studies of benthic organisms hjave thus far dealt very largely with the 
macroscopic organisms. That a rnicrofauna exists in the bottom deposits 
is established, but very little is as yet known about its composition. 
These microorganisms are very properly considered as bottom dwellers, 
since it appears that they (1) are seldom free swimming or (2) are free 
swimming only in some stage of the life cycle or (3) regularly spend most 
of the time in or on the bottom materials. Earlier workers (Smith, 1894; 
Kofoid, 1897; Jennings, 1897; et aL) recorded various microorganisms 
taken from bottom tows and dredgings in both the Great Lakes and 
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inland lakes, but no studies were made of their special relations to the 
bottom layers or materials. Baker (1918) found 10 species of Cladocera, 
one copepod, and two ostracods occurring as bottom organisms in Oneida 
Lake, New York. Bigelow (1928) divided the littoral benthic micro- 
organisms of Lake Nipigon, Canada, into two ecological groups: (1) the 
ooze-film assemblage and (2) the associated ooze-film assemblage. The 
ooze-film group comprises those microorganisms living in and on that 
film of ooze which forms the upper surface of the lake bottom. Thih 
assemblage was found to contain the following microscopic organisms' 
bacteria, 3 green Algae, 13 diatoms, 13 Protozoa, certain rotifers, severa, 
Entomostraca (mostly (Cladocera), Tardigrada, and (?ertain water mites, 
The following quotation from Bigelow presents his interpretations of some 
of the structures and habits of these ooze-film dwellers: 

The Cladocera present many striking adaptations to this environment. They 
seldom swim but creep about by means of their antennae or push themselves 
through the ooze by means of their postabdoniens, which are usually broad and 
powerful. The eye has a tendem^y to become small and may even disappear. 

Particularly w'ell fitted for their environment are the species of Jlyocryptus. 
Their shells are never completely shed in moulting, but form layers one above 
the other. The shells are spiny, and ooze clings to them so as to hide the animal 
entirely. In fact, the animals may bo encased in a mass of ooze several times 
their size. They progress by dragging their way througli the ooze film with 
their antennae, while continually shoving and kicking with their broad, spiny 
f)Ostabdomens. The eye is quite small. Leydigia quadran^ularis has a similar 
[)Ostabdomen and a small eye, and is quite like Jlyocryptus in its liabits. In 
Monospilus dispar ^ the eye has completely disap] )eareil, and only the large pig- 
ment spot beside it remains. As in llyocrypius the shell is retained after moult- 
ing and forms layers. The postabdomen is less broad and powerful, but is 
armed with a powerful claw at its tip and with a large tooth at the base of the 
claw. Doubtless, this is a very efficient organ for j)ushing the animal through 
the ooze. RhyncJwtalona falcata possesses a short, thi(jk postal )do men with a 
strong claw and four strong denticles. The rotifers creei) about with leech-like 
movements, but are also able to swim freely in the water. 

The water bears {Tardigrada) with stumpy legs and long curved claws are 
well fitted for crawling through the ooze film as are also the horny water mites 
{Orihatidae)y which cannot swim, but creep about on the ooze. 

The associated ooze-film assemblage was described by Bigelow as com- 
posed of those organisms which are , 

. . . directly dependent upon the ooze film for sustenance and are seldom found 
far from it. They do not live in the ooze film or creep through it, although they 
may occasionally rest upon it, but swim about immediately adjacent to it. 
Most of the organisms are Cladocera. 
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In addition to 13 species of Cladocera, 5 species of rotifers were listed 
as belonging to this associated ooze-film assemblage. Members of this 
group did not show structural modifications, such as appeared in the 
ooze-film assemblage. 

Rawson (1930) studied the benthic microfauna of Lake Simcoe, Canada, 
at various depths down to 45 m. and listed a population composed of 
more than 35 Protozoa, 2 Turbellaria, minute nematodes, 2 oligochaetes, 
7 rotifers, 8 Cladocera, 2 copepods, nauplii, several ostracods, 1 Gastro- 
tricha, 1 Tardigrada, and 3 water mites, a list which he believed to be 
quite incomplete. He failed to find the ooze film and the associated ooze- 
film groups so distinctly separated from each other as had Bigelow in Lake 
Nipigon. The microfauna was mostly confined to a thin stratum, about 
1 cm. thick, at the top of the bottom deposits. 

Moore (1939) reported 116 species of microscopic animals from the 
bottom deposits of Douglas Lake, Michigan, distributed in the following 
taxonomic groups : Protozoa, 23 ; Hydrozoa, 1 ; Rhabdocoela, 6 ; Nematoda, 
1; Rotatoria, 28; Gastrotricha, 2; Oligochaeta, 8; Cladocera, 14; Cope- 
poda, 11; Ostracoda, 11; Acarina, 10; Tardigrada, 1. Further research 
will certainly extend this list. There are as yet no published records of 
the microfloral benthos of this lake. 

In most if not all natural benthic regions a microflora exists, but so 
little work has been done on it from the limnological standpoint that no 
account will be attempted here. The results of Butcher (1932) on the 
microflora of certain river beds may be some indication of research oppor- 
tunities in this field. 

The benthos of the psammolittoral zone is still only imperfectly known. 
The first work of consequence in this field was done in Europe only about 
two decades ago. In this country, two workers (Pennak, 1939, 1940; 
Neel, 1948) made substantial contributions. Pennak studied the micro- 
scopic fauna of the psammolittoral region of 15 Wisconsin lakes and 
reported a diversified population which included representatives of 
Protozoa, Tardigrada, Rotatoria, Copepoda, Gastrotricha, Nematoda, 
Turbellaria, and insects; also other organisms including many bacteria 
and Algae. Neel investigated the psammolittoral biota, both plant and 
animal, in the beaches and shoals of Douglas Lake, Michigan, and 
reported the occurrence of more than 240 species of organisms distributed 
taxonomically, in part, as follows: Algae, 162; Protozoa, 27; Turbellaria, 
1; Rotatoria, 38; Gastrotricha, spp.; Nematoda, spp.; Tardigrada, 1; 
Oligochaeta, 6; Ostracoda, spp.; Copepoda, 3; Insecta, several kinds of 
larvae. The works of both Pennak and Neel are but substantial pioneer 
efforts in a new and very inviting field. Without doubt, present knowl- 
edge is but a scant look-in on this aspect of the benthos. 

Since the periphyton may be considered a part of the benthos, some 
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reference should be made here to its qualitative composition. There are 
many papers which deal with periphyton, but only one of consequence 
(Young, 1945) is concerned with inland waters of the United States. 
Young found 115 organisms, exclusive of bacteria and Fungi, in the peri- 
phyton of Douglas Lake, Michigan. In this highly diversified assem- 
blage, the numerically dominant groups were: Fungi, Rivulariaceae, 
Chlorophyceae, Bacillareae, Naididae, Cladocera, and Rotatoria. How- 
ever, in interpreting this census of forms found in periphyton, it should be 
remembered (page 319) that in this situation components of plankton 
and benthos come together and intermingle. Here is another new and 
inviting field in which much work is seriously needed. 

It should be noted that representatives of some of the species listed by 
investigators as being bottom forms are commonly found as plankton 
forms in the limnetic regions, even though the life- history stage be the 
same. There is very little known as yet concerning the various inter- 
relations between the plankton organisms and benthic environments. 
Available evidence seems to suggest that some of the plankters are 
facultative benthic inhabitants and some of the benthic forms, facultative 
plankters. Whether, in such instances, the plankton representatives and 
the benthic representatives of the same species belong to different strains 
or races, no answer can be made at present. As pointed out elsewhere in 
this book (page 230), there is some evidence that bottom populations of 
microorganisms actually produce directly many of the plankters taken in 
plankton collections. According to one current theory, the original home 
of fresh-water plankton is the bottom and littoral region of ponds and 
lakes, from which situation the plankton is still constantly being recruited 
(Wesenberg-Lund) . From these evidences and suggestions, it follows that 
there may be a large and diversified benthic microbiota in inland waters. 

Quantitative Distribution 

In Shallow Lakes. In very shallow lakes of the ordinary type (third 
order), the entire bottom may be more or less uniformly productive if the 
basin is not exceptionally diversified. Often, such shallow lakes are very 
productive, although mere shallowness alone does not insure it, and 
exceptions occur. Every unit area of bottom is situated in a depth zone 
which facilitates the growth of bottom dwellers; and while the quantities 
produced at the various depths of even a very shallow lake are not neces- 
sarily the same, the differences are of a much smaller magnitude than in 
the lakes of greater depths. Since, as mentioned in an earlier discussion, 
the whole benthic region of a very shallow lake belongs essentially to the 
littoral zone, or possibly to the littoral and the upper sublittoral, the dis- 
tribution is essentially the same as that on the littoral zone of the deeper 
lake, assuming that the environmental conditions are comparable. 
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In Deeper Inland Lakes. From the point of view of quantitative dis- 
tribution, the deeper inland lakes can be divided into two groups for pur- 
poses of discussion: (1) those which do not develop chemical stratification 
during the summer and (2) those which become chemically stratified and 
remain so throughout most of the summer period. 

Nonstratified Deeper Lakes, In those deeper lakes which do not have 
permanent chemical stratification during the summer but which continue 
to circulate and maintain an ample supply of dissolved oxygen, the limit- 
ing effects of stratification and the resulting summer stagnation of a hypo- 
limnion are lacking. As a consequence, certain benthic forms extend 
much deeper into the basin, with resulting greater mass production. The 
following table (Table 32) represents the nature of the benthic population 


Table 32 . Average Number of Macroscopic Benthic Organisms at Different 
Depths in Lake Simcoe, Canada 
Froyn Rawson 


Depth 
Bone* m. 

1 « 
S’® 

Ephemerid 

larvae 

! 

1 

O 


Amphipoda 

Oligochaeta 

Corethra 

Trichoptera 

Miscellaneous 

Average num- 
ber of all 
organisms 
per sq. m. 

Average dry 
weight of all 
organisms,* 
mg. per sq. ni 

Shore sone, 
0-1 

162 

48 

64 

22 

28 

16 

0 

1 

84 

405 

1,028 

0-6 

300 

00 

124 

82 

112 

36 

0 



788 

1,280 

5-10 

460 

54 

130 

78 

138 

30 

2 



926 

1,480 

10-16 

mzbm 

62 

64 

88 

04 

24 

0 

4 

9 

674 

654 

15-20 

640 

28 

82 

118 

10 

26 

16 

» 

17 

1 844 

1,170 

20-26 

620 

0 

0 

114 

2 

80 

li 

0 

92 

947 

1,420 

25-30 

780 

0 

8 

102 


106 

mm 

0 

10 


1,340 

30-35 

860 

0 

7 

84 


98 

74 

0 

n 

1,134 

1,220 

35-40 

760 

0 

6 

52 


118 

Eli 

0 

7 

1,012 

950 

40-45 

740 

0 

6 

34 

0 

120 

72 

0 

6 

978 

852 


* Weight of molhisk nhells deducted. 


in Lake Simcoe, Canada, during the period of May to October inclusive. 
According to Rawson (1930), this lake, while showing a certain dissolved- 
oxygen decline at times during the summer, did not reduce the oxygen 
below 2 p.p.m., and even this in(?ipient stratification was sometimes lost 
by renewed circulation. 

Thus, it appears that in Lake Simcoe, the greatest average number of 
organisms occurred in the 25- to 40-m. zone; but in all regions, there was 
an ample population, the numerical minimum being in the shore zone 
(0 to 1 m.). In Lake Nipigon, Canada, Adamstone (1924) found that 
the six most important food organisms for fishes (Mollusca, Chironomidae, 
Ephemerida, Trichoptera, Amphipoda, Oligochaeta) are so distributed 
quantitatively that while the Ephemerida and Trichoptera extend only to 
























Data Selected from Eggletan^ 1931 



• Data for Apr. 6. 

$ Data in last column (Os) from unpublished records. 
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a depth of about 18 m., all of the other groups have representatives which 
occupy the bottom to depths of 1 18 m. ; and that the zone of greatest pro- 
duction numerically is between 64 and 110 m. Other similar records 
occur in the literature. 

Stratified Deeper Lakes. In deeper inland lakes which develop a well- 
formed, permanent stagnation zone during the summer, bottom regions 
exposed to typical hypolimnion conditions become distinctly less produc- 
tive quantitatively than are the regions directly above them. Eggleton 
(1931) found, in certain Michigan lakes, that during the summer a benthic 
concentration zone occurs in the upper profundal and lower sublittoral 
regions in which the population is massed in great numbers and that the 
total population per unit area of bottom decreased sharply both above and 
below this zone. There is reason for believing that such a concentration 
zone exists during the summer in most lakes of the usual type. In Table 
33, the records for Sept. 27 are representative of the typical summer condi- 
tion and show, at a depth of 7 to 8 m., a concentration zone strikingly 
different from the adjacent zones on either side. With the exception of 
the Tubificidae, all of the other groups of organisms designated in the 
table show distinct maxima at that level, and even the Tubificidae are 
present there in large numbers. Further discussion of this matter will be 
deferred to the section of seasonal changes (page 334). Physicochemical 
stratification has a profound effect upon both the (luantitative and 
qualitative distribution of the benthic organisms during the summer and 
early autumn seasons. 

Any summary of the microscopic benthos is difficult because of the 
paucity and fragmentary nature of available information. As a mere 
indication of the possible nature of microbenthos. Table 34, taken from 
the only substantial work (Moore 1939) on American lakes, is included 
here. 

The Great Lakes. Thus far, but few significant investigations have been 
made on the bottom fauna of the Great Lakes. Shelf ord (1913) assem- 
bled the records then known for Lake Michigan and listed bottom forms 
(Sphaeridac and Bryozoa) in the depth zone of 25 to 54 m., but it is cer- 
tain that benthic animals of other kinds occupy not only that zone but 
greater depths as well. No quantitative data were given. A series of 
dredgings in Lake Ontario on a line between Toronto and the mouth of 
the Niagara River (Adamstone, 1924) showed a bottom fauna (1) at all 
depths down to 125 m., (2) at various distances from shore out to about 
25 miles, and (3) on different kinds of bottom. This fauna seems to be 
relatively rich and varied; likewise, in the greater depths, it appears to 
exceed that of certain inland lakes. Krecker and Lancaster (1933) found 
that in the shallow- water bottom (depth, 0 to 6 ft.) of western Lake Erie, 
the quantitative distribution of the total macroscopic population was 
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Table 34. Summary op Quantitative Samples op Micrqbenthos in Douglas 
Lake, Michigan, Taken during July, 1937 
Values in body of table indicate the number of organisms per square decimeter of 

lake bottom 
From Moore 


Date 

Water depth, m 

Transect 

Type of bottom 

Area sampled, sq. cm 

7/7 

20 

AA 

Muck 

11.4 

7/10 

17 

AA 

Muck 

19.0 

7/13 

14 

AA 

Muck 

19.0 

7/20 

11 

BB 

Muck 

19.0 

7/16 

11 

AA 

Sand 

15.2 

7/23 

8 

AA 

Band 

19.0 

7/28 

5 

AA 

Sand 

19.0 

A mochaproteuB 







26 

Dilepta$ gidaa 







26 

Frontonia leucas 

106 

26 

131 

236 

79 

262 






79 

158 

210 

260 

Spiroatomum ambiguum 

53 

26 

158 

26 

185 

105 

52 

Slentor coervleua 

106 

26 


79 



26 








26 

Minute ciliates 

1,478 

4,595 

3,780 

4,410 

4,673 

4,856 

4,568 

Pelmatohydra sp 







5 

Ncmatoda 

176 

2,362 

840 

525 

818 

1,129 

630 

Qyralrix h. hermaphroditua 



10 

5 

20 


21 








16 

Unidentified llhabdocoelida 







21 




53 


106 


53 


53 

26 



53 

53 






26 

184 

551 



53 



53 

78 

525 




10 

10 

7 

10 

105 

Other Naididae 






5 


Alono QUodvanguloTia 





7 

26 

5 

dhytinrua jiigKr 






10 

58 









rif^pn/n.nl}\r\x 






5 

5 









hatonn itfiiffifn. 





7 

10 


I j/i-ydigin. ^f.^drnri.Q'u] aria 



5 


7 











CarUhocamptua sp 





7 

31 

131 

Canthocampiua ataphylinoidra 

9 

20 

26 


33 


283 

C. ataphylinoxdea (cysts) 


2.772 

1,082 

1,937 

205 

5 

10 

Other Harpacticidac 

U 




46 

84 

84 

Cydopa bicuapidatua (cysts) 

6,890 

1,811 


5 




Cydopa leuckarti 


1 

5 

5 

40 

5 

10 

Cydopa ogilia 


1 5 

16 


13 

37 


Cydapjf nixidia 





7 



Cydopa sp. (immature) 


5 

37 

5 

13 


16 

Diaptomua sp 







37 

Candona spp 


142 

42 

no 

39 

36 


CypTxa sp 

26 

105 

539 

42 

7 



Darwinula stevenaoni 






21 


Limnicythere aancti-patririi 







47 

Pionocypria oheaa 







5 

Ostracoda (immature) 




10 

7 

10 


Nauplii 



105 



25 

158 

Arartno 

... 


5 

5 

13 

36 

42 

Macrobiotea sp 







31 
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roughly as follows: sand, 100 individuals per square yard; pebbles, 400; 
clay, 800; fiat rubble, 900; block rubble, 1,100; and shelving rock, 7,700. 
In a study of benthos in Lake Michigan, made on widely distributed sam- 
ples collected during the spring, summer, and autumn, of two successive 
years, Eggleton (1936, 1937) reported that (1) the benthos is composed of 
few species but many individuals; (2) a pronounced concentration zone 
existed between 35 and 50 m. depth; also another but smaller concentra- 
tion was present between 100 and 140 m. depth. Table 35 summarizes 
the magnitude of these populations. 

Table 35. Depth Distribution of Bottom Animals by Strata 
Lake Michigan, 1931 and 1932 
Averages of all samples for both years 
From Eggleton 


Strata, m. 

Total 

niinibfir 

samples 

Number 

different 

stations 

Average number of animals per square meter 
within strata 

Ponto- 

poreia 

Pisidium 

Tubifi- 

cidac 

All 

others 

All 

animals 

20 29 

11 

11 

750 

80 

180 

545 

1555 

30 39 

22 

16 

mo 

155 

220 

395 

1600 

40 49 

12 

9 

3165 

175 

925 

220 

4485 

50 59 

14 

10 

1020 

150 

430 

45 

1640 

60- 69 

12 

11 

1140 

110 

325 

30 

1605 

70 79 

i 11 

11 

790 

150 

200 

50 

1190 

80- 89 

14 

9 

520 

30 

175 

40 

765 

90 99 

18 

12 

670 

20 

235 

95 

1025 

100-109 

20 

15 

670 

20 

225 

65 

980 

110-119 

13 

12 

1065 

15 

270 

150 

1505 

120-129 

3 

3 

560 

15 

85 

55 

715 

130-139 

8 

7 

380 

30 

170 

80 

660 

140-149 

5 

5 

180 

0 

85 

105 

370 

170-179 

1 

1 

70 

0 

35 

15 

120 

180-189 

1 

1 

90 

0 

70 

0 

160 

220-229 

1 

1 

20 

1 


50 

70 

240-249 

3 

3 

35 

0 

1 15 

70 

125 


Conditions within the Great Lakes, such as the much greater circula- 
tion, aeration, and the presence of currents of greater magnitude, make 
possible the occupancy of more extensive areas of bottom and of much 
greater depths by organisms which in inland waters are largely confined 
to the shallows. 

Biota of Psammolittoral Zone. On the basis of his work on Wisconsin 
lakes, Pennak (1939) made the following statement: 

If an average 10-cc. sand sample be taken from the surface of a beach at a 
distance of 150 cm, from the edge of the water, it will be found to contain 4,000,000 
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Table 36 . Horizontal and Vertical Distribution of Psammolittoral Organ- 
isms IN One Beach Transect on Douglas Lake, Michigan 
Numerals in body of table designate numbers of organisms per cubic centimeter 
of sand. No organisms were found below the depths listed. In the first column, the 
zero sign indicates water^s edge; numbers not accompanied by a dash represent dis- 
tance landward from water’s edge; numbers preceded by a dash represent distance 
lakeward from water’s edge (submerged sampling stations). 
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bacteria, 8,000 Protozoa, 400 Rotatoria, 40 Copepoda, 20 Tardigrada, and small 
numbers of other microscopic Metazoa. The sample will be found to contain 
from 2 to 3 cc. of water. In this small volume of water, then, is concentrated a 
great population, finding all conditions necessary for a flourishing existence. So 
far as the author has been able to discover, there is no other environment which 
is capable of supporting such a diversified and dense population of microscopic 
organisms. 

More recent work by Neel (1948) on the beaches of Douglas Lake, 
Michigan, yielded somewhat similar results (Table 36). 

It seems apparent that the psammolittoral zone often, possibly 
usually, supports a prodigious biota. It has already been shown that 
the populations vary greatly, both in quality and in quantity, with the 
conditions which prevail in different beaches. Many questions are yet 
to be answered concerning such things as the fate or behavior of these 
populations (1) in winter when beaches are frozen, (2) when falling water 
level causes a gradual migration of the water-saturated beach zone, (3) in 
the presence of shore erosion by ice, and (4) in the presence of violent 
storms causing heavy wave action on beaches. The general limnological 
relation to the main water mass of a lake or stream is still uncertain. 

The Periphyton, It is still very difficult to present quantitative meas- 
ures of periphyton. In some waters and at least during certain seasons 
of the year, it occurs in great quantities. Large quantities of this felty 
material are sometimes drifted to the water’s edge after a heavy storm has 
washed it from its supports. On the other hand, it appears to occur in 
reduced quantities in certain waters and during certain seasons. Table 
37 is presented here merely as an indication of the magnitude of peri- 
phyton during the summer in one lake and on one kind of support. It 
must be understood that this analysis is only a partial one since various 
organisms, such as Fungi and others, are not included; also that these 
quantities cannot be looked upon as representative of other waters or 
other kinds of supports. 

Relations of Quantity to Kinds of Bottom Deposits, Quantities of life 
produced differ on different kinds of bottom materials. Unfortunately, 
the difficulties involved in formulating satisfactory conclusions from 
published data are essentially the same as mentioned in the discussion on 
the effect of different bottom materials upon qualitative distribution 
(page 320), viz., the unstandardized classifications of bottom deposits 
and the lack of discrimination between effects of bottom materials proper 
and selective effects of other simultaneously acting factors. Exposure 
has much to do with quantitative productiveness of various kinds of 
bottom; for example, Rawson (1930) found in Lake Simcoe the average 
numbers of organisms per square meter of bottom in the 0- to 1-m. depth 
zone to be as follows: bare sand, exposed, 43; sand with vegetation, 696; 
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bare stone, exposed, 227 ; protected stone, 1,468 ; and mud with vegetation, 
685. Bottoms containing a predominance of gravel, sand, or rocks often 
show the highest productivity for the waters concerned. 

Baker (1933) summarized the quantitative fauna production on differ- 
ent types of bottom in two fresh-water lakes (Table 38). 

Table 37. Average Number op Organisms Composing Peripjiyi’on as It 
Occurred on Submerged Portions op Dead Bulrushes (Scirpus)^ Douglas 
Lake, Michigan, Summer of 1939 

Values in table represent the number of organisms per square decimeter of supporting 

surface 
From Young 


Name of organism 

6/24 

7/8 

7/17 

7/24 

7/31 

8/7 

8/14 

8/19 

Oloeoirichia 

55 

no 

640 

2.50 

730 

470 

650 

410 

PelnuUohydra 

0 

0 

0 

12 

5 

53 

5 

5 

Oligochaeta 

210 

140 

180 

125 

180 

70 

60 

70 

Crustacea 

192 

130 

42 

75 

280 

55 

73 

185 

Diptcra (mostly Chironomidac) . . . 

18 

15 

5 

10 

22 

16 

10 

17 

Total macroscopic animals 

420 

240 

2.50 

225 

490 

212 

155 

280 

Diatoms (in millions) 

53 

8 

9 

9 

9 

13 

8 

9 

Desmids (in thousands) 

103 

68 

151 

67 

67 

57 

52 

78 

Ncniatoda 

1,400 

2,330 

660 

450 

1 ,.340 

.540 

3.50 

1,520 

Kotifera 

3,100 

950 

1,750 

7,50 

2,380 

1,400 

1,980 

2,270 

C^entrifuged volume, cc 

3.1 

2 4 

1.9j 

2.01 

3 2 

2 3 

2.5 

3.3 

Dry weight of sample, mg 

100 

185 

42 

78 

105 

35 

58 

60 


Table 38. Populations on Different Kinds of Bottom in Oneida Lake, New 
York, and Lake Winnebago, Wisconsin 
Populations quoted in number of animals per square meter of the littoral zone 

Frotn Baker 


Kind of bottom 

Oneida Lake 

Lakt3 Winnebago 

Boulder 

1,946 

321 

Gravel 

1,944 

1,579 

Sand 

3,421 

1,326 

Clay and mud 

5,866 

1,450 

Vegetation 

263 

4,400 


The quantity of microbenthos depends much upon the kind of bottom 
materials in which it develops. Table 34 shows one instance of this effect. 
Periphyton is also much influenced, both qualitatively and quantitatively, 
by the substratum on which it grows. 

MOVEMENTS AND MIGRATIONS OF BENTHOS 

For some time it has been supposed that under certain circumstances 
the benthos exhibits movements within or on the bottom, but investiga- 
tions in this field are few and limited in scope. Repopulation of denuded 
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areas has been frequently described. Movements of certain organisms 
up and down stream are well known. Retreat of benthos from advancing 
unfavorable conditions has been claimed although little of definite nature 
is known. Moffett (1943) observed movements of bottom organisms on 
a large wave-swept shoal and found that some of the changes in space are 
due to bottom shifting. Moon (1935) found that (1) the littoral fauna of 
Lake Windermere is in a continual state of movement, (2) this fauna is 
very sensitive to changes in surface level of the lake, (3) the more active 
elements of the fauna move very quickly into the newly inundated por- 
tions of the beach, and (4) a rise in surface level of only 2.5 cm. is sufficient 
to produce a movement of the fauna. Nothing is known concerning the 
movements, if they occur, or the fate of the psammolittoral biota after 
retreat of the water line on sandy beaches. Researches are badly needed 
here. 

SEASONAL CHANGES IN BENTHOS 

Far too little is known concerning seasonal changes in benthic organisms 
since to date most investigations have dealt only with summer popula- 
tions. Continuous, year-round studies, although very ne(!(\ssary for an 
understanding of seasonal cycles, have thus far })eeii few in number. 
Changes of a rhythmic sort occur with the smujossioii of seasons in all 
lakes and other waters and, in most instance's at least, at all depths. In 
very shallow lakes, seasonal changes in the whole benthic region are, in 
many respects, essentially the same as those which prevail in the littoral 
zone of deeper lakes of the same type and region. It is only in abyssal 
regions of those deep lakes which never overturn that benthic conditions 
remain virtually the same throughout the year. Table 39 represents an 
attempt to state in condensed form some of the important seasonal 
changes which might be expected to occur in a typical temperate lake of 
the second order. It must be understood that it is not a complete cata- 
logue of all changes which may occur; also that those changes mentioned 
in the table may show deviations and that (certain ones may be absent. 
The table is an expression of average expectation as based upon the usual 
behavior of ordinary inland lakes of the second order located in the general 
region of the Cheat Lakes. 

The profundal bottom fauna of lakes of the second order undergoes 
striking seasonal changes of a quantitative nature (Fig. 40). While it 
may happen that, in some lakes, one or two of the component organisms 
may compose the overwhelming bulk of the entire population, the signifi- 
cant fact is that each true profundal species manifests similar and corre- 
sponding seasonal increases and decreases the magnitudes of which are 
more or less characteristic of the species in that situation. There is now 
reason for believing that, in most typical temperate lakes of the second 
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Table 39. Some of the Seasonal Changes Which Might Be Expected in the 
Benthos of an Average Temperate Lake of the Second Order 


Zone 

Spring 

Summer 

Autumn 

Winter 

liittoral 

1. Rapid growth of 
planiM 

2. Foriodic insect 
emergences 

3. Annual migration 
to shore of Sialis 
larvae 

4. Rapid growth of 
sessile forms 
(sponges, Bryo- 
zoa) 

6. Active growth, re- 
production and in- 
crease in popula- 
tion of various in- 
vertebrates 

6. Snail migration to 
shallow water for 
breeding activi- 
ties 

1. Culmination of 
plant growth 

2. Large insect emer- 
gences 

]3. Shoreward migra- 
tion of certain 
May-fly nymphs 
from plant zone 

4. Maximum for 
various chiron- 
omid larvae 

Alajor reproduc- 
tive period of 
many inverte- 
brates 

6. Snail population 
augmented by 
late spring mi- 
grants from deeper 
levels 

1. Late autumn de- 
cline of shallow- 
water plants 

2. General decline of 
fauna resulting 
from 

a. Insect emer- 
^nce 

b. Scouring ef- 
fects of autumn 
storms 

c. Downward 
migration of 
Sialis larvae, 
snails, and 
otliers 

1. Minimum of plant 
growth 

2. Reduction in re- 
production, 
growth, and other 
physiological 
processes 

3. Many forms dor- 
mant; some en- 
tirely inactive: 
certain ones hiber- 
nating deeper in 
bottom 

4. Certain summer 
plant dwellers be- 
come bottom 
dwellers 

fi. Downward migra- 
tion of leeches, in- 
sects, and others 
to, or below, depth 
limit of wave ac- 
tion 

6. Disintegration of 
sponges, bryozoa, 
and others 

Sublittoral 

1. Periodic insect 
emergences 

2. Migration of Sta- 
ts larvae to shore 

3. Upward migra- 
tion of snails 
which breed in 
shallow water 

4. Active growth, re- 
production, and 
increase in popu- 
lation of various 
invertebrates 

5. Beginning stages 
of summer con- 
centration zone 
(in late 8r)ring) 

1 . Fluctuations of 
jiopulation l»y in- 
sect emergences 

2. Hatching of eggs 
and development 
of larvae of suc- 
ceeding insect 
generations 

3. Absence of snails 
having shallow- 
water breeding 
habits 

4. Continuance of 
growth and repro- 
duction in various 
invertebrates 

5. Formation of por- 
tion of concentra- 
tion zone 

1 . Downward migra- 
tion of snails from 
summer breeding 
grounds 

2. Obliteration of 
concentration 
zone and shifting 
of massed i>opula- 
tion downward 
along lake floor by 
fall overturn 

3. Reductions due to 
insect emergences 

4. Downward migra- 
tion of Sialis 
larvae 

5. Autumn hatching 
of insect eggs 

1. Increase in popu- 
lation due to 

a. Development 
of insect eggs 
laid by autumn 
generations 

b. (i!ulmination of 
downward mi- 
grations of 
snails, insects, 
and others 

2. No insect cmerg- 
gences 

3. Period of growth 
of winter insect 
larvae 

Profundal 

1. Rapid increase in 
population due to 
entrance of organ- 
isms from littoral 
and sublittoral 
zones during 
spring overturn 

2. Marked insect 
emergence after 
sirring overturn 

3. Beginning stages 
of summer con- 
centration zone at 
upper margin 

1 . Formation of por- 
tion of concentra- 
tion zone at up- 
I>erTno8t margin 

2. Gradual produc- 
tion of minimum 
population 

1. Persistence of an- 
nual summer min- 
imum into early 
autumn 

2. Rapid increase of 
population by 

a. Entrance of or- 
ganisms from 
littoral and 
sublittoral re- 
gions during 
fall overturn 

b. Active repro- 
duction of 
Tubificidae 

3. Autumn insect 
emergences 

4. Hatching of insect 
eggs laid in late 
summer " 

1. Midwinter maxi- 
mum of Tubifi- 
cidae and Corethra 
larvae 

2. No insect ciuer- 
gences 

3. Gradual reduction 
of bentlios to late 
winter minimum 
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order, the major seasonal quantitative changes of this profundal bottom 
fauna are (1) a distinct midsummer minimum and (2) a midwinter 
maximum. These changes are represented graphically in an annual, 

^ (^titativc XQSona/ dbtr/bu^ </ the pm/ijndaf dottam fbuino in th^ 

^ 1927 i928 1929 



Fio. 40. Graphic representation of quantitative seasonal distribution of the profundal 
bottom fauna in Third Sister Lake, Washtenaw County, Michigan. The broken portion 
of the curve represents a period for which no data were secured. {Drawn hy the use of data 
from Eggleton, 1931.) 

unimodal curve (Fig. 40). The quantitative and chronological character 
of the annual maximum and minimum differs, to some extent, from year 
to year. 

ORIGIN AND PERMANENCE OF PROFUNDAL BOTTOM FAUNA 

The profundal bottom fauna, such as occurs in inland lakes of the sec- 
ond order, is composed of forms which, so far as present knowledge goes, 
are neither peculiar for nor restricted to the profundal region. In general, 
they seem to occupy also the sublittoral and, to some extent, the littoral 
zones. 

This bottom fauna is, then, not qualitatively unique for the profundal 
region but is composed of representatives of a few species belonging to the 
larger littoral-sublittoral population which can tolerate, for considerable 
periods of time, the severe stagnation conditions of the profundal region 
when they find themselves exposed to such conditions. The work of 
Eggleton (1931) indicates that this profundal population is the result of a 
selective elimination in which only the few highly tolerant species can sur- 
vive. During the spring and fall overturns, the population of the sub- 
littoral zone spreads down the'lake bottom into the profundal region, 
bringing into it not only greater numbers of individuals but certain addi- 
tional species characteristic of the littoral and sublittoral regions— forms 
which can survive the deeper, bottom conditions during, and for some 
time after, the overturns. However, the gradual development of stagna- 
tion at the bottom brings about a condition which some of the species 
cannot endure. Consequently, they are either eliminated or are forced 
to begin a return, upward migration into more favorable surroundings, 
eventually freeing the hypolimnion in summer and the lower waters in 
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winter of all forms save those which have a much greater endurance 
for greatly changed environmental conditions. 

Occasionally, in unusually deep lakes (some alpine lakes and others), 
certain animals occur which have been described as constituting a special, 
abyssal, benthic population — species which are said never to come into 
the shallower depths above about 50 m., and some of which are usually 
regarded as glacial relicts. 

That continued bottom-water stagnation ultimately begins to have 
a deleterious effect, even upon those forms sometimes referred to as the 
true profundal ones, has been demonstrated (Eggleton, 1931) both in 
nature and by experiment. While the extent of bottom stagnation may 
vary in different lakes, profundal bottom animals do not seem to be able 
to withstand indefinitely the conditions of severe summer stagnation, and 
as a consequence these populations may become greatly reduced, some- 
times even to extinction in late summer and early autumn. Different 
species do not show the same degree of resistance, certain ones outlasting 
others by a considerable margin. Evidence seems to indicate that the 
insect larvae succumb first, those of Corethra appearing to be less resistant 
than those of the chironomids. On the other hand, the Tubificidae and 
the Sphaeridae outlast the other profundal forms, the former apparently 
being the more resistant. From these results, it appears that profundal 
bottom forms are not truly a permanent profundal fauna but may them- 
selves be eliminated, wholly or in part, by prolonged exposure to the 
stagnation. Restocking takes place from egg stages, which may be able 
to carry over until the next overturn; from the downward migration of the 
sublittoral population at the time of the overturns; or from both. Eggle- 
ton concluded that ‘‘evidence now available indicates that the members 
of the profundal benthic fauna are facultative rather than obligatory 
‘anaerobes’ and that they endure rather than select an anaerobic 
environment. ” 

VERTICAL DISTRIBUTION OF PROFUNDAL BOTTOM FAUNA 

From circumstantial evidence, it lias usually been assumed that the 
profundal bottom fauna is largely confined to the uppermost, thin layer 
of the bottom deposits. Definite information was secured byhenz (1931), 
who, by the use of a specially constructed bottom sampler, was able to 
bring virtually undisturbed, vertical samples of bottom deposits to the 
surface and then isolate and examine the various horizontal strata in their 
unaltered relations to each other. Various horizontal levels were thus 
studied down to a depth of 24 cm. It appeared that in the north German 
lakes, this depth was more than adequate. The large part of the fauna 
occurred in the upper half of the sampler. Some difference appeared in 
the vertical distribution of the various organisms; for example, it is 
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shown that the Tubificidae tended to be concentrated in the upper por- 
tion, while the Chironomus larvae were distributed from the surface of the 
mud down to a depth of 20 cm. or more. Other work dealing with the 
macroscopic organisms agrees in a general way with the findings of Lenz. 

Thus far the most extensive work on the microscopic profundal benthos 
of an American lake is that of Moore (1939). His findings are indicated, 


Cyclops Canihocarrtfffus Cypna Candona Nemaioda Cilio+ci Fronionia 
btcuspidaius staphylinoides spp. spp, leucas 

M . Cysts Active Cysts _ (sand} (muck) (minute) 



l9cores 20 cores 20 cores 42 cores 40 cores Wcones 45 cores 5Z cores 20 cores 
Fig. 41. Vertical distribution of certain microbenthio organisms in profundal zone of 
Douglas Lake, Michigan. Each column rcprcKonts a composite (‘ore of bottom deposits, 
the nuinbe»r of individual cores incorporated into the composite being indicated below each 
column. Thickness of each stratum and its depth position in core are indicated to left of 
columns. Number of organisms at each depth level is indicated by values within the 
columns; total organisms are represented by numl)crs at lM)ttom of each column. All 
columns represent profundal bottom positions except that one rei>reseiiting Ncmatoda 
which contains values for samples taken from water d(?pths of 5 to 11 m. All samples 
collected during July and August and from muck bottom with the exception of the one 
labeled “sand.’* {Redrawn from Moore.) 

in part, by Fig. 41. Tt will be noted that there is an olivious similarity 
in the vertical distribution of the micro- and macrobenthos. 

CLASSIFICATIONS OF LAKES BASED UPON BOTTOM FAUNA 

As much as three decades ago certain lOiiropean limnologists undertook 
to develop a classification of lakes based upon predominating benthic ani- 
mals. Bottom faunas differ greatly in various kinds of lakes, and the 
differences are often numerous and complicated. The numerical domi- 
nance of a certain species or group of species docs seem, to some extent at 
least, to be characteristic of certain kinds of lakes, so much so that numer- 
ous classifications, using the predominating organisms as indices, have 
been proposed. All such classifications are as yet of little value, and no 
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attempt will be made here to summarize or appraise them. The reader is 
referred to Deevey (1941) for a concise account of such classifications. 
The first edition of this book contains a brief account of some of the earlier 
attempts. In America, little effort has been made thus far to establish 
such classifications, although it is known that some lakes have benthic 
characteristics which resemble, in some respects, those of north European 
lakes of the same order. Deevey (1941) classified Connecticut lakes as 
follows: (1) Chironomus lakes; (2) Mesotrophic Chironomus lakes; (3) 
Tarty tarsus lakes; (4) Trissocladius lakes; and (5) Unstratified lakes. 
Certain elements of these attempted classifications seem to have a natural 
basis, and it may be that further efforts in this direction will lead to some 
system having substantial value and wide application. Differences in 
the composition of profundal benthic populations in different parts of the 
world may, of necessity, prevent the use of one set of names of index 
organisms for all geographic regions. 

CLASSIFICATIONS OF BENTHIC COMMUNITIES 

Ecologists make use of certain index organisms to distinguish the 
various natural benthic assemblages known as communities. As an 
example. Shelf ord and Boesel (1942) identified three bottom animal com- 
munities in the island area of western Lake Erie, as follows: (1 ) Goniobasis- 
Hydropsyche community; (2) Pleurocera-Larnpsilis community; and (3) 
Hexagenia-Oeccstis community. 



CHAPTER XIV 


BIOLOGICAL PRODUCTIVITY 
CIRCULATION OF FOOD MATERIALS 

That the essential foodstuffs in a lake undergo continuous, more or 
less definite cycles or changes has already been pointed out in foregoing 
pages. Taken as a wliole, the entire process of circulation of food mate- 
rials, although very intricate and even yet not fully known, has a certain 
unity due to the fact that an inland lake is, to some degree, a self-contained 
institution, enjoying a considerable independence of the adjacent land. 
This fact was recognized long ago by Forbes (1887) who, in his classical 
paper “The Lake as a Microcosm,'^ stated that 

The animals of such a body of water are, as a whole, remarkably isolated, — 
closely related among themselves in all their interests, Init so far independent of 
the land about them that if every terrestrial animal were suddenly annihilated, 
it would doubtless be long before the general multitude of the inhabitants of the 
lake would feel the effects of this event in any important way. It is an islet of 
older, lower life in the midst of the higher, more recent life of the surrounding 
region. It forms a little world within itself— -a microcosm within which all the 
elemental forces are at work and the play of life goes on in full but on so small a 
scale as to bring it easily within the mental grasp. 

The same feature has been stressed by other investigators who have 
sometimes referred to a lake as a “closed community.” However, the 
student must exercise (‘onsiderable care that these statements are not 
overstressed. It is true that the biota of an inland lake composes a 
“closed community in a stricter sense, perhaps, than the term can be 
applied to any other nonparasitic assemblage”;^ that in a lake with small 
inflow and outflow of water, relatively small, slow additions to the food 
supply are made from oiiiside; and that “the lake is dependent on its own 
stock of green plants for the stock of organic matter available for food of 
other organisms; and the possible amount of green plants is limited by the 
raw material supplied for photosynthesis from the lake itself.”^ 

Nevertheless, it must not be assumed that any natural body of water is 
a completely closed community since there are various direct and indirect 
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influences exerted from the outside even though the sum total of such 
influences is relatively minor in immediate effect. 

In considering the circulation of food materials in a typical lake, the 
following elementary, fundamental facts must be kept in mind: 

1. The ultimate, basic substances are (a) inorganic nutritive materials 
dissolved in the water and (b) certain energies and gases from the 
atmosphere. 

2. Only the chlorophyll-bearing plankters, the chlorophyll-bearing 
littoral flora, and certain bacteria can utilize directly these ultimate basic 
materials in constructing living matter. 



Fia. 42. Diagram showing circulation of food materials in a lake. (Modified from PerfitUew.) 

3. All other organisms, plant or animal, rest as a dependent superstruc- 
ture upon those mentioned in item 2. 

4. Every organism of a lake population may, (a) by death and disin- 
tegration, contribute directly to the dissolved materials and detritus or 
(6) be consumed as food by other organisms. 

In the foregoing diagram (Fig. 42), the more prominent features of the 
internal evolutions are indicated for a typical lake.^ Lesser relations are 
omitted for the sake of simplicity. No attempt has been made to include 
the various possibilities of direct utilization of dissolved organic matter by 
higher organisms, the status of which is still somewhat uncertain (page 
305). Also, that portion of the reduction of dead organisms by autolysis 
is omitted. 
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A study of this diagram reveals, among other things, the following 
relations: 

1. Two very general sets of processes: (a) constructive, i.e., building 
upward from the simpler food materials into the higher; and (b) reductive, 
i.e., reducing through bacterial action the various organisms to simpler 
substances. 

2. Circulation of food materials not a simple, single cycle but a com- 
bination of complicated cycles. 

3. Cycles so interrelated that materials may be built up to the same 
level in different ways, e.g., the various routes leading to fish production. 

4. One cycle through which animals are freed from dependence upon 
photosynthetic plants, viz., from basic, dissolved, nutritive materials 
through bacteria which change carbon dioxide to organic carbon in the 
absence of sunlight to certain animals which consume them. 

5. Three basic cycles: (a) dissolved nutritive substances — > autotrophic 
phytoplankton detritus ■-> bacteria — > dissolved nutritive substance; 
(b) dissolved nutritive substance autotrophic littoral flora — > detritus 
— ► bacteria—^ dissolved nutritive substances; and (c) dissolved nutritive 

/» zooplankton \ 

substances bacteria littoral fauna — * bacteria — > dissolved nutri- 

profundal fauna ^ 

tive substances. 

Theoretically, at least, the first two cycles might exist in a lake with 
complete absence of the principal animal groups (zooplankton, littoral 
fauna, profundal fauna, and fishes). In fact, there are bodies of water 
which normally contain no fishes and no profundal fauna and in which the 
zooplankton and the littoral fauna are greatly restricted. 

It must be understood that the rate and (juantity of this circulation 
vary (1) for the whole system in dilTercmt lakes and (2) in the different 
cycles within the same lake. The various causes and facitors are very 
complex, but as a few out of the great number, the following are listed: 
influence of surface drainage water bringing about inwash of materials 
and bacteria; variable production of rooted vegetation in different lakes; 
differences in the method of and the degree of completeness of phyto- 
plankton utilization; composition of phytoplankton; availability of 
benthic organisms as food for the nekton; composition of benthic fauna; 
sedimentation processes; physical features which accelerate or retard food 
transformations; life-history stages which differ in their food relations; 
and many others. 

CLASSIFICATION OF LAKES ON BASIS OF PRODUCTIVITY 

Many attempts to classify lakes on various limnological bases, related 
in one way or another to productivity, have been made during the past 
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three decades. The combined contributions of a number of these attempts 
constitute the background of a classification which is now a familiar one in 
limnological literature, viz., the division of lakes into three major types, 
the oligotrophiCy eutrophic, and dystrophic types. Fritsch (1931) has 
reviewed the history of this classification. Many of the proposals are 
based upon the plankton communities, but plankton is not an infallible 
index of the general character of a lake. Thienemann, working from the 
point of view of bottom fauna and the bottom oxygen supply, established 
the primary division into the oligotrophic and eutrophic types. Simul- 
taneously, Naumann, working from the point of view of bottom deposits 
and of biological productivity, also recognized these two main types and 
added a third, the dystrophic. Subsequent investigations by these and 
other European limnologists did much to introduce this classification. 
Nevertheless, it still remains to be demonstrated that this classification is 
a satisfactory one for lakes at large and that these types are natural ones 
in all lake regions. As might be expected, a great many lakes apparently 
occupy borderline positions between these types. There are still differ- 
ences of opinion as to whether the dystropliic type can be regarded as a 
type of the same rank as the eutrophic and the oligotrophic. It is argued 
by the chief exponents of this classification that, irrespective of its weak- 
nesses, it is the best which has thus far been developed. Upon this classi- 
fication, certain European workers attempted to set up rather elaborate 
subdivisions of the three main types, the scientific value of which remains 
for the future to determine. They set up long lists of contrasting charac- 
teristics for each of these three types, using distinctions which when 
applied to lakes at large often resulted in confusion. Limnologists have 
had great difficulty in applying these criteria to American lakes. Pecu- 
liarly difficult arc the criteria used by European limnologists to distinguish 
the dystrophic type. These problems have been discaisscd by Welch 
(1941). Prescott (1989) presented a revision of the criteria for these 
three types, based upon his experience with American lakes. Among 
other departures from the European practice, he separated the hog lakes 
from the dystrophic lakes, and the possible importance of the phytoplank- 
ton as a diagnostic (jharacter is stressed. For a critical discussion of lake 
classifications and in particnilar the relation of bottom fauna to lake 
typology, the reader is referred to the work of Deevey (1941) on certain 
lakes of Connecticut and New York. 

In the classification mentioned above, the fundamental distinction 
between oligotrophic and eutrophic lakes was on a proposed basis of avail- 
able nutritive material, the former being poor and the latter rich in such 
substances. In the dystrophic type, humic substances were regarded as 
important limiting agencies. 

This European proposal that lakes be divided into the three large 
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classes, oligotrophic, eutrophic, and dystrophic, drifted slowly into a 
certain limited, uncrystallized acceptance in American limnology, although 
no serious attempts have yet been made to reduce the diagnostic charac- 
ters to positive specifications valid for American inland waters. The 
following summary includes some of the more important characterizations 
of these postulated lakes groups as now employed in a general and some- 
what nebulous fashion. 

1. Oligotrophic lakes: 

а. Very deep; thermocline high; volume of hypolimnion large; water of hypolim- 
nion cold. 

h. Organic materials on bottom and in suspension very low. 

c. Electrolytes low, or variable; calcium, phosphorus, and nitrogen relatively 
poor; humic materials very low or absent. 

d. Dissolved oxygen content high at all depths and throughout year. 

e. Larger aquatic plants scanty. 

/. Plankton quantitatively restricted; species many; water blooms rare; Chloro- 
phyceae dominant. 

g. Profundal fauna relatively rich in species and quantity; TanytarsiLS type; 
Corethra usually absent. 

h. Deep-dwelling, cold-water fishes {salmon, cisco, •trout) common to abundant. 

i. Suc(^ession into eutrophic type. 

2. Eutrophic lakes: 

o. Relatively shallow' ; deep, cold water minimal or absent. 

б. Organic materials on bottom and in suspension abundant. 

c. Electrolytes variable, often high; calcium, phospliorus, and nitrogen abun- 
dant; humic materials slight. 

d. Dissolved oxygen, in deeper stratified lakes of this type, minimal or absent in 
hypolimnion. 

e. Larger aquatic plants abundant. 

/. Plankton quantitatively abundant; quality variable; water blooms common; 
Myxophyceae and diatoms predominant. 

g. Profundal fauna, in deeper stratified lakes of this type, poor in species and 
quantity in hypolimnion; Chironomm type; Corethra present. 

h. Deep-dwelling cold-water fishes usually absent; suitable for perch, pike, bass, 
and other warm-water fishes. 

L Succession into pond, swamp, or marsh. 

3. Dystrophic lakes: 

o. Usually shallow; temperature variable; in bog surroundings or in old moun- 
tains. 

6. Organic materials in bottom and in suspension abundant. 

c. Electrolytes low; calcium, phosphorus, and nitrogen very scanty; humic 
materials abundant. 

d. Dissolved oxygen almost or entirely absent in deeper water. 

e. Larger aquatic plants scanty. 

/. Plankton variable; commonly low in species and quantity; Myxophyceae 
may be very rich (luantitatively. 

g. Profundal macrofauna poor to absent; all bottom deposits with very scant 
fauna; Chironotnus sometimes present; Corethra present. 

A Deep-dwelling cold-water fishes always absent in advanced dystrophic lakes; 
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sometimes devoid of fish fauna; when present, fish production usually 
poor. 

i. Succession into peat bog. 

The terms oligotrophic, euirophic, and dystrophic have also been 
employed in other classifications, notably those of Str0m (1928) (Tables 
40 to 42), in which distinctions rest on other bases. All such classifica- 
tions are as yet little more than pioneering efforts and should be used with 
much caution. 


Table 40 
From Str^m 


Without humus 
dear-water lakes 

With humus 
brown-water lakes 

With pronounced 
oxygen consumption 

Eutrophic 

‘‘Baltic*' 

With 9ligU oxygen 
consumption 

Oligotrophic 

“subalpine” 

With pronounced 
oxygen consumption 

Dystrophic 
the type defined 

With aligU oxygen 
consumption 
? Dystrophic 

not yet investi- 
gated; probably 
many Scotch lochs 


Another arrangement might be as follows: 


With humus 

Without humus 


Table 41 
From Strfim 


Eutrophic 

Oligotrophic 

. Humic mud lakes 

Dystrophic 

. Eutrophic, s. sir. 

Oligotrophic, b, str. 


Str0m (1928) pointed out that fishery biologists have found some 
brown-water lakes other than the humic mud lakes which are highly 
productive in fish and that such lakes may well be characterized as 
eutrophic even if it does happen that many of the nutritive substances 
are allochthonous. ^‘It must also be emphasized that we know very 
little about the humus, and certainly there seems to be a profound differ- 
ence between the humic substances derived from peaty moors and those 
derived from decaying leaves, which characterize spme lakes in the Baltic 
region.^' Stressing the importance of humus, calcium, nitrogen, and 
phosphorus, Str0m has offered a scheme (Table 42) into which he claims 
that all of the types now known fit very easily and which has value in 
showing the relation of the different plankton communities. 

In explanation of this analysis, Str0m makes the following statement : 
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The principal types are in italic. The more aberrant types are the following: 
The eutrophic lake poor in lime has not yet been investigated, but there is much 
evidence for the belief that some of the shallow lakes situated among cultivated 
fields on the igneous rocks of the lowlands in Norway and perhaps Ireland may be 
of this type. The humic mud lakes (“ Humusschlammseen are not uncommon 
in Holstein, and their humus is derived from the leaves of the surrounding trees. 
They must generally be regarded as eutroph, and sometimes are exceedingly 
poor in lime. A few dystrophic lakes rich in lime have been observed in Rilgen 


Tabi-e 42 

Symbols -f and — mean presence and absence^ respectively 
Front Str^m 



-1-(N -f- P) 

-(N +P) 


Fundamentally eutrophic 

Fundamentally oligotrophic 


+Ca 

~Ca 

+Ca 

-Ca 

+ humus 

Not i n V e s t i- 

Humic mud 

? 



gated and 
probably not 
existing 

lakes 

Dystrophic 
lakes in Scot- 
land and Rii- 
gen 

Dystrophic 

— humus 

Eutrophic 

1 

Not yet inves- 
tigated but 
almost cer- 
tainly existing 

a. Oligotrophic 
lakes in the 
Alps 

b. Oligotrophic 
Norwegian 
lakes 


and in Scotland. Their biology will certainly be a very interesting subject for 
investigation. Probably the lime is bound to humic acids in some colloidal form. 


LAW OF THE MINIMUM 

Existence and production of animal and plant life depend upon the 
proper qualitative and (quantitative composition of the environment for 
each component organism. Liebig’s law of the minimumy originally 
applied to plants, may be stated as follows: Each organism requires a 
certain number of food materials, and each of these materials must be 
present in a certain quantity. If one of these food substances is absent, 
the organism dies; if not absent but present in minimal quantity, the 
growth will be minimal. This result holds even though ample amounts 
of all of the other required substances are present. 'I’he yield of a plant 
or animal, according to this law, is determined by the quantity of that 
particular, necessary substance which is present in minimal amount as 
determined by the demands of the organism. According to certain 
authorities, gradual increase of this minimal substance produces an 
increase in production in proportion to the amount added until the point 
is reached where some other substance begins to act as a limiting factor. 
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In time, this law was extended to cover not only the essential foodstuffs 
but also all other factors which determine the development of organisms. 

While the law of minimum has had a wide acceptance, it has been sub- 
ject to attack from time to time. Ilerdman (1923), in discussing the 
reported discovery by Moore and others that the green phytoplankters 
are not dependent upon the dissolved nitrogen compounds in the water 
but that they can obtain elemental nitrogen from the air through the 
water while the very small (piantities of nitrates, nitrites, and ammonia 
salts in the sea water may remain unconsumed, holds that the law of the 
minimum breaks down here, at least as regards nitrogen, since the then 
current interpretations of the law held the supply of nitrogen to be dis- 
solved nitrogen compounds. Other criticisms have been aimed at the 
statement of proportionality between the amount of a nutritive element 
and the production, since it has been claimed that, in plants at least, this 
proportionality occurs only within rather narrow limits and that when the 
(liiantity of the given essential substance is gradually increased, the effect 
upon production ultimately begins to decrease, finally ceasing to affect 
the production. If this is true, then the dependence of production upon a 
given limiting substance cannot be expressed graphically by a straight 
line, as was formerly supposed, but it is claimed by some investigators to 
be expressible only by a logarithmic curve whose mathematical relations 
will not be described here. It has also been claimed that deviations from 
the law of minimum may occur when several factors, instead of one factor, 
are increasing at the same time, such as the discovery, in certain plant 
experiments, that increase of one nutritive substancie may increase the 
influence of the other food substances. 

The usual statement of the law of minimum must not be allowed to 
obscure the fact that a factor exercises a controlling influence upon pro- 
duction according as it is near the optimum or near cither the maximum or 
minimum tolerated hy the species. Also, it is not necessary that only one 
factor should vary; the result is similar or even accentuated if several 
factors vary. These are important features in Shclford^s law of toleration 
(1913, 1931). Shelford illustrated the action of a factor in the following 
graphic way: 


Minimum limit 

Range of optimum 

Maximum limit of 

of toleration 

of factor 

toleration 

Absent 

Decreasing 

Greatest abundance 

1 / 

Decreasing 

Absent 


Thienemann (1926) proposed to erect out of the law of the minimum 
a law of the operation of environmental factors as follows: The abundance of 
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an organism is controlled by those environmental factors which, in any 
particular habitat, impose the most unfavorable effects upon that develop- 
mental stage of the organism which manifests the leant ecological valence. 
Ecological valence refers to that range of influences within which the 
organism can maintain itself. 

Liebig’s law of the minimum is the foundation of Blackman’s law of 
limiting factors^ which refers to the dependence of one factor upon another. 
Originally, it was supposed that the various environmental factors acted 
independently, in which case if one factor is present in limiting quantity, 
an increase of the other factors would effect no change. However, it now 
seems to be demonstrated that the controlling effect of the minimal factor 
is not absolute but is only a relative one, slowing down but not completely 
suppressing the influence of the other factors. The understanding, then, 
of conditions of biological production depends not only upon the recogni- 
tion of each of the operative factors and a measure of their quantities or 
intensities but also upon a knowledge of the way in which they behave in 
the presence of each other, a fact which further complicates the whole 
problem. 

BIOTIC POTENTIAL AND ENVIRONMENTAL RESISTANCE 

The biological productivity of any body of water, or any portion of that 
body of water, is the end result of the interaction of the organisms present 
with the surrounding environment. Considerable attention has been 
directed to the specific quantitative analysis of this interrelation. 
Chapman (1928) and others have done much in extending our knowledge 
of this intricate subject. 

By biotic potential is meant those characteristics and abilities inherent 
within an organism which enable it to exist and reproduce. It is the sum 
total of all of those capacities of an organism which determine its relative 
success in solving all of its problems of maintenance. ‘4t is a sort of 
algebraic sum of the number of young produced at each reproduction, the 
number of reproductions in a given period of time, the sex ratio of 
the species, and their general ability to survive under given physical 
conditions.”* 

Complete fulfillment of the'biotic potential of any species probably 
never occurs in nature owing to the limiting influence which every environ- 
ment exerts. Every environment contains active features which work 
toward the control of production in the various organisms involved. The 
environment, then, resists ^ to a greater or less extent, the fulfillment of 
biotic potential. Biological production is the outcome of the struggle 
between the biotic potential continually pressing toward a greater attain- 
ment and the environmental resistance continually struggling to suppress 

‘ Chapman. 
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the species. In the long run, nature acts toward a balance between these 
two tendencies in which each organism maintains itself in a suitable 
environment without overpopulation. Lack of proper balance works 
inevitably toward one of two ends: if the biotic potential is unduly high 
or is little opposed, the populations of the species involved will increase 
to the overpopulation point, while if the environmental resistance is high 
compared with the biotic potential, the production of the species will 
diminish, possibly to ultimate extinction. The lack of fixity of both 
biotic potential and of environmental resistance accounts for the varia- 
tions in production which are more or less normal to successive generations 
and seasons. In addition to the usual variations of small magnitude, 
there are those occasional, more or less unpredictable interruptions of the 
balance which result either (1) in the outbreaks^* of the economic biolo- 
gist, due to the unusual reduction of some controlling influence, or (2) in 
the sudden and unexpected reduction, sometimes to apparent disappear- 
ance, of a species commonly present in appreciable numbers. For further 
discussion of these phenomena and their quantitative aspects, the reader 
is referred to Chapman (1931). There is some evidence that mathe- 
matical treatment of this whole subject may ultimately become possible; 
and if future researches bear out this promise, these intricate relations 
will become much more understandable. 

The principles of biotic potential and of environmental resistance, 
together with all of their associated features, are just as pertinent in 
aciuatic biology as in terrestrial situations. Biological productivity of 
any aquatic community is a general measure of all of the adjustments 
between biotic potential and environmental resistance existing within it. 
At the present time, it is difficult to give these matters specific, detailed 
application to conditions in lakes owdng to the newness of the subject and 
the relatively small amount of data sufficiently well worked out to make 
them usable for such a purpose. 

QUANTITATIVE RELATIONSfflPS IN A STANDING CROP 

In a general way it can be said that usually a body of water maintains 
a certain standing crop of organisms composed primarily of five large 
groups, viz., phytoplankton, bottom flora, bottom fauna, zooplankton, 
and fishes. This series composes a nutritional chain in which, by proc- 
esses well known to students of biology, the first two constitute a 'produc- 
ing class and the other three are the consumers, ^^’’aken as a whole, these 
organisms are an expression of the productivity of the water concerned. 
In such a dependency chain, as maintained in nature, it is highly impor- 
tant that the ability of the supporting classes to maintain the dependent 
groups be known if productivity is to be understood. In unmodified 
waters the standing crop of organisms, measured quantitatively, is the 
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visible evidence of the degree of success of the nutritional chain concerned. 
One of the best studies in this field is that of Juday (1943), from which the 
following material is taken. Figure 43 shows graphically the relation- 
ships, determined gravimetrically, of the various components of the 
aquatic population in Weber Lake, Wisconsin, a soft-water lake, as they 
existed in midsummer. The actual values expressed in this pyramid 
of aquatic life” are different to some extent in different lakes, but some 
form of pyramid is the rule. In Fig. 43 the dissolved organic matter 



Fig. 43. Diagram showing weight relationships of bioto and dissolved organic matter i|i 
Weber Lake, Wisconsin, in inidsuininer. The weight of each group is proportional to tot^ 
area of triangle. (Jiedrawn, with slight modification, from J uday, 1943.) 

composes approximately GO p^T cent of the total diagram; the fish, only 
one-half of one per cent; and tlic other animals, slightly less than 5 per 
cent. Juday found that the ratio of the weight of plants to that of ani- 
mals (excluding fishes) was much smaller in soft- water lakes than in the 
hard-water lakes and interpreted the diffcreiu^c to moan that the former 
was about 2.5 times more efficient in the conversion of plants into animals. 

Differences in the summer standing crop in different kinds of lakes are 
shown in Table 43 in which two soft-water lakes (Weber and Nebish) arc 
compared with two hard-water ones (Green and Mendota). It should be 
noted that the data in the lower part of the table were not all taken during 
the same summer (Weber, 1940; Nebish, 1941; Green, avg., 1921-1924; 
Mendota, avg., 1915-1916). 

TROPHIC DYNAMICS 

In the trophic dynamics of an ecological system, basic processes are in 
the nature of transfers of energy. The ultimate source of such energy is 
solar radiation. Somewhat recently, certain investigators, notably 
Lindeman (1942), have attempted to analyze the events within a food 
complex in terms of energy. Because of great paucity of detailed infor- 
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mation basic to dependable formulation of such concepts, any discussion 
at present is largely hypothetical and must be regarded as suggestive only. 
Hints that these complex interrelations may eventually yield to mathe- 
matical analyses appear in the work of Lindeman and others. Entry 
into the speculative aspects of this subject will not be undertaken here. 

Table 43. Summer Standing Crop of Plants and Animals in Four Wisconsin 

Lakes 

In upper part of table, conductivity is expressed in reciprocal megohms; dissolved 
substances in milligrams per liter of water. In lower part of table, all quantitative 
results are stated in kilograms per hectare of lake surface, on a wet weight, ash-free 
basis. 


Modified from Juday (1943) 



Weber 

Nebish 

Green 

Lake 


Lake 

Lake 

Lake 

Mendota 

Conductivity 

10 

19 

275 

270 

pH 

6.4 

7.0 

8.5 

8.6 

Bound CO 2 

1.3 

4.0 

75.2 

69.0 

SiO* 

0.1 

0.2 

8.4 

0.5 

Ca 

0.7 

2 3 

21.2 

22.4 

Mj? 

0.6 

1.7 

25.7 

24.2 

Sol. P 

0 003 

0.002 

0.004 

0.005 

NO. 

0.014 

0.014 

0.024 

0.025 

Dissolved organic matter 

2,866 

3,829 

27,901 

15,201 

Total plankton 

1,143 

650 

2,944 

1,995 

Phytoplankton 

1 ,069 

608 

2,767 

1 ,875 

Zooplankton 

74 

42 

177 

120 

Bottom flora 

553 

590 

4,218 

4,600 

Bottom fauna 

147 

122 

138 

414 

Fish 

23 

35 



Total weight of plants 

1,622 

1 , 198 

6,985 

6,475 

Total weight of animals 

244 

199 



Total weight of animals, excluding fish 



315 

534 

Ratio of plants to animals 

6.6 

6.0 



Ratio of plants to animals, excluding fish . 

7.3 

7.3 

22 2 

12.1 

Ratio of other animals I -0 fisli 

9.6 

4.7 




However, out of the pioneering work done thus far, there have arisen 
biological conclusions which seem to have a certain validity, viz., (1) food 
cycles rarely have more than five trophic levels; (?) the greater the sepa- 
ration of an organism from the basic source of energy (solar radiation), 
the less the chance that it will depend solely upon the preceding trophic 
level for energy; (3) at successively higher levels in the food cycle, the 
consumers seem to be progressively more efficient in the utilization of the 
food supply; and (4) in lake succession, productivity and photosynthetic 
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efficiency increase from oligotrophy to a prolonged eutrophy and then 
decline in lake senescence. 

SUCCESSIONAL PHENOMENA 

That all environments are dynamic and undergoing change is a funda- 
mental principle of ecology. Excluding the minor variations of different 
factors within an environment, these fundamental changes are in the 
nature of progressive, more or less predictable alterations usually involv- 
ing considerable expanses of time and having a generally definite course. 
These changes may be due (1) to the action of predominating inorganic 
factors in the environment, e.g., erosion; (2) to the action of organisms in 
modifying the environment; or (3) to combinations of (1) and (2), What- 
ever the underlying causes are, one fact common to all situations exists, 
viz., that the various components of the biota must meet the changing 
conditions in one of the following ways: (1) adaptation, (2) migration, (3) 
extinction. It is not possible or desirable to enter here upon a discussion 
of the fundamental and very important subject of ecological succession. 
When necessary, the reader should consult certain of the standard 
treatises on ecology (Chapman, 1931 ; Clements and Shclford, 1939; et al.) 
for a general presentation. Ideological succ.essions of various kinds go on 
in lakes and other inland waters just as certainly as they do on land, 
although our knowledge of the former is at the present time much less 
satisfactory. The great underlying movement in the evolution of the 
units of the Icntic series is in the direction of extinction by the filling of 
the basins; in the lotic series, it is in the direction of an extension of stream 
length and a cutting of the stream bed to base level. Associated with 
these long-time, physiographic progressions are series of biological suc- 
cessions which constitute the progress of the accompanying biotic changes. 

Eutrophication. In general and within limits, produ(;tivity increases 
with the age of a lake. Str0m (1928) has stated the process as follows: 

The natural process of the maturing of a lake is that of eutrophication. The 
original state of all lakes must be assumed to be oligotroph, but during the course 
of time there will always he a surplus of organic sediments aceming from the life 
processes of a lake, and the originally oligotroyh lake is changed to a eutroph. 
The quantities of plankton, oxyfeen curves, and average depths are the first 
features to be changed ; the bottom fauna, the last. Many of the North German 
lakes are now in this stage of changing, and it is clear that a supply of nitrogen 
compound and phosphates from cultivated fields can do much to accelerate the 
change, even if it be not the main cause. When a lake has reached the real 
eutroph stage, the changes towards a greater degree of eutrophy are very speedily 
effected, indeed; the character of a lake can be materially changed within a 
generation. Wesenberg-Lund has given a vivid picture of the changes going 
on in the shallow Danish lakes. That the influence of the very highly developed 
Danish agriculture compared with the rather primitive methods with large poorly 
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manured areas for grazing, formerly prevalent in Denmark and still in Holstein, 
has something to do with the acceleration of the process seems certain. Finally, 
the eutroph lake disappears as a lake when the littoral vegetation has gained 
foothold throughout its bottom, and in the very last stage it is transformed into 
low moors. 

The large oligotroph lakes such as the Swiss and Norwegian are as yet very 
far from the eutroph stage if only biological causes are working. Some of the 
lakes are filled up with inorganic deposits, and at the current rate of yearly 
sedimentation we can calculate when they will be shallow enough to approach 
the eutroph stage. The Lake of Constance will be filled up in 12,000 years by 
sediments from the Rhine; that is, it has already run through more than the half 
of its life. Those lakes where no such sedimentation takes place, such as many 
of the Norwegian, will have nearly an infinite life if only natural causes continue 
to operate in the future. 

It must be clearly understood that the maturing process takes place at 
very different rates in different lakes. In northern United States, for 
example, the vast majority of the multitudinous inland lakes had their 
basins formed essentially at the same time, i.e., during the glacial period, 
and therefore, from that standpoint, are all of the same age. However, 
they have matured (aged) at vastly different rates, and in fact many of 
the small basins have long ago passed through all of the succession stages 
into old age and have become dry land. It is thus possible to find, in 
those regions where a large number of lakes are massed together in the 
same general area, gradations from those which, for one reason or another, 
still retain their oligotrophic character through the matured eutrophic 
ones to those in the final stages of disappearance. Thus, the story can 
(1) be read backward in these gradating stages; (2) it can be predicted 
in advance from these same stages; and (3) its progress can actually be 
observed, in part and sometimes through to complete extinction, during 
a single human generation. Obviously, the smaller the lake the more 
rapid the eutrophication and subsequent extinction, other things being 
equal. An average lake whose history is such as to permit eutrophication 
will be expected to pass from an original oligotrophic stage, during which 
the productivity is relatively low, into the eutrophic stage, in which the 
productivity reaches the maximum ; and finally into the senescent changes, 
in which the aquatic productivity declines to the stage of complete 
extinction. 

It should be noted, however, that while the order of progress is, in 
general, from oligotrophy to cutrophy, the oppositfe order of development 
may occasionally be found. 

Gams was the first to call attention to the fact that many of the lakes which 
in sub-boreal time had a very low water level, and consequently very often an 
average depth that determined them as eutroph, have increased very much during 
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the great Atlantic climate change and are now oligotroph. The palaeolim- 
nological investigations by Lundqvist confirms Gams’s statements; and Lundqvist 
declares that for a large number of Swedish lakes the process of evolution has 
been from eutrophy to oligotrophy, where that ])rocess has not been checked or 
reversed by contamination, as he shows to be the case with quite a number of 
them.^ 

Thienemann concluded that oligotrophy passes over into eutrophy 
when the volume of the epilimnion exceeds that of the hypolimnion. If 
this conception turns out to be as dependable as some European limnolo- 
gists believe, then it is obvious that when any circumstance either so 
greatly raises the surface elevation or so greatly depresses the bottom of 
an eutrophic lake that the hypolimnion exceeds the epilimnion in volume, 
a reversal either from eutrophy to oligotrophy or from some stage of 
oligotrophy to a more primitive stage of oligotrophy will occur. The 
character of such a reversal will depend upon the degree of advance in 
the evolution of the lake previous to the deepening of the water. 

Mention should be made of the fact that certain lakes fail to go through 
the usual evolution from oligotrophy to eutrophy even though natural 
filling may render the hypolimnion smaller (or even eliminate it) than the 
epilimnion as required by Thienemann’s rule. Such failure arises from 
some special development, e.g., the generous formation of marl, covering 
the bottom to such an extent that the production of benthic organisms 
and of rooted plants is exceedingly low. Such lakes may go through to 
complete extinction without having fulfilled, at any time, the conditions 
of true eutrophy. A more or less perpetual state of oligotrophy may also 
result in those lakes in which the normal bottom deposits are removed, 
in part at least, as they are formed, e.g., by the flow of bottom currents 
such as are said to occur in certain foothill lakes into one end of which a 
cold mountain stream flows, the cold, heavy water sinking below the 
upper, warmer, lighter water of the lake and flowing along the bottom to 
the outlet at the opposite end. 

Dystrophication. The dystrophic lakes of today had their beginnings 
in primitive basins and went through their initial stages as lakes of very 
low productivity, i.e., essentially oligotrophic. These primitive basins 
varied greatly in size and depth, many of them covering considerable 
areas, and many possessing depths which insured a hypolimnion greatly 
exceeding the epilimnion. Special circumstances, physical and biotic, 
resulted in incomplete decay of plants and the accumulation of humic 
materials. Thus appeared the beginnings of dystrophication. 

After the initiation of dystrophy, the succession progressed by marginal 
plant encroachment or by bottom accumulations of incompletely decayed 
plant materials or by both, eventually passing through the senescent 

‘ Str0m. 
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stages into a peat bog. In the lake country of northern United States, 
one may find, often in relatively small areas, all gradations from typical 
dystrophic lakes of fair size and depth through the senescent stages to the 
formation of dry flats. While the end result is the same, viz., formation 
of dryland, the succession processes of eutrophy and dystrophy are 
very different. 

INDICES OF PRODUCTIVITY IN LAKES 


Limnologists have long sought indices of general biological productivity 
in lakes. It has apparently been the hope that there might be discovered 
a single index to the richness of a lake which would serve as a means of 
measuring its production and of comparing it with other lakes. Two 
considerations are involved here and must be kept clearly distinguished: 
(1) the inherent capacity of a lake to support life — the biotic potential — 
and (2) the actual productivity at a given time. Indices for both con- 
siderations have been postulated. Obviously, one or two indices of pro- 
ductivity, actual or potential, which would give a dependable evaluation 
would prove of great use in limnology and related subjects. However, 
thus far, all of the various so-called indices have shown serious weak- 
nesses, and there is reason for believing that it is very unlikely that any 
such single index exists. Only a few of the more recent proposals will be 
considered here. 

Average Depth. The proposal that the average depth of a lake is the 

determining factor for productivity originated from Thienemann whose 

theory is based upon the following arguments: The dissolved oxygen 

content of the various layers of a lake is the indicator of ri(jhness or 

poverty in the fundamental nutritive substances because the organic 

substances produced in the epilimnion (“trophogenous layer ’^), which 

he arbitrarily defines as the 0- to 10-m. stratum, find their way, more or 

less, into the “trophylitic” layers (10-m. level to the bottom) and, in 

the disintegration processes, use up the dissolved oxygen. Therefore, 

oxygen consumption in the hypolimnion is a measure of the production 

in the upper strata. Computing the depth of individual lakes as 

volume of the lake , . t • i 

ji jm — ri — f and the volume relations between epilimnion and 

surface of the lake 

, 1 . . II volume of water from 10-m. depth to bottom , 

hypohmnion as = VoTimo of water from surface to 10-m. dc^th ’ 
the dissolved oxygen relations between epilimnion and hypolimnion 

^ H O 2 content of water from 10-m. depth to bottom . 

as O 2 ^ = y:-- 7 — 7— f ] — r c Ti » T^hicncmann 

E O 2 content of water from surface to 10-m. depth 

claims to have shown that in oligotrophic lakes the volume of the epilim- 
nion is less than that of the hypolimnion; while in eutrophic lakes, the 
reverse is true; therefore, the average depth is the determining factor in 
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such lakes. Also, stated in another way, in oligotrophic lakes the dis- 
solved oxygen content of the hypolimnion is greater than that of the 
epilimnion, while in eutrophic lakes, the reverse condition prevails. 

Certain difficulties appear at once. It is very doubtful whether the 
10-m. depth can justly be designated as the dividing line between epilim- 
nion and hypolimnion, since it is well known that the true dividing line 
varies greatly in position in different lakes. Furthermore, lakes are 
known in both America and Europe which do not conform to this average 
depth index, irrespective of whether the actual dividing line between 
epilimnion and hypolimnion or that of Thienemann is used, and which 
cannot be explained as exceptions due to contamination. Certain other 
features, such as the degree of development of the littoral regions, con- 
stitute very important influences which, in some instances at least, might 
be more important in determining the production of the lake. 

Rooted Submerged Vegetation. Klugh (1926) urged that the amount 
of rooted, submerged vegetation may be an index character of lake pro- 
ductivity. This view, in guarded form, is shared by Roelofs (1944). As 
pointed out before (page 308), there seems to be no relation between the 
plankton production and the quantity of rooted submerged vegetation 
sufficient to make this a dependable criterion. It is a well-known fact 
that the amount of rooted submerged vegetation is governed by a number 
of factors, such as the degree of exposure and slope of the submerged 
shelf. Large lakes, as for example, Lake Nipigon, may maintain a great 
fish production which could not be predicted from the scanty vegetation 
about its shores (Rawson, lt)30)- Likewise, even in some of the small 
lakes, the development of the submerged vegetation does not always tell 
the story of the productivity. Much remains to be learned about the 
role of the submerged, rooted plants in fresh waters; and until our knowl- 
edge of their relations is more exact, they must be used very guardedly as 
an index of general productivity. 

Plankton. The fundamental position which plankton occupies between 
the nonliving and the living components of an aquatic complex has 
naturally led to the supposition that plankton should be an index of gen- 
eral production, and claims tq that effect have been made. According 
to Thienemann^s scheme, eutrophic lakes are characterized by a quantita- 
tively rich plankton, while oligotrophic lakes have a plankton poor in 
quantity. It has been claimed that abundance of plankton is usually 
associated with a rich bottom fauna, while a paucity of plankton accom- 
panies a poor bottom fauna. It may turn out that these relations hold in 
general, but exceptions occur. Even if it were true that the plankton 
constitutes a dependable index of the richness of a lake, certain difficulties 
in its satisfactory use would still remain, e.g., the various fluctuations of 
the plankton which would require carefully planned and extensive sea- 
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sonal collections before any appraisal could be made or the difficulties 
inherent in the determinations of the nannoplankton. The best that 
can be stated at present is that the plankton is, on the average, an indica- 
tion of the general nutritive condition of the water. 

Bottom Fauna. Much attention has been given to the bottom fauna. 
That it plays a very important part in the nutrition cycles of a lake 
is certain. Some European workers have stressed the quality of the 
bottom fauna, particularly that of the deeper water, as an indication 
of the production character of a lake. As shown in Table 39, seasonal 
cycles also affect the benthic organisms, sometimes strikingly, so that 
the difficulties of sampling, both seasonal and at any single time, detract 
from the usefulness of such an index even if it were a dependable one, 
which apparently it is not. Form of basin, character of bottom and 
of bottom deposits, water movements, and other features may be such as 
to militate against the development of a bottom fauna which would be a 
true index of the general richness of the lake. When a rich benthic fauna 
is present, high total productivity is common, but not necessarily insured. 

Organic Content of Water. As previously mentioned (page 208), it 
has been shown that, in many Wisconsin lakes, at least, the standing crop 
of dissolved organic matter is ordinarily much greater than the total 
organic matter in the plankton supported by the same water. It has also 
been shown that there is a fairly constant relation between the plankton 
and the total organic matter in the water. The dissolved organic matter 
is said to be so constant in quantity and composition that the character 
of a lake may be determined from a single sample. This whole subject 
is as yet too new to justify any predictions as to how satisfactory a gen- 
eral index to the productivity of a lake the dissolved organic matter will 
turn out to be. 

Chlorophyll Content. It has been proposed that if the chlorophyll 
content of a sample of water can be measured and if the chlorophyll so 
determined may be used as an index of the photosynthetic capacity, 
then such a measurement might be used as a convenient method 
of evaluating biological productivity. Somewhat recently, methods for 
measuring chlorophyll in water have been devised and considerable atten- 
tion has been directed to determining the possible value of chlorophyll as 
a production index. Results of such investigations ( Riley, 1940 ; Manning 
and Juday, 1 941 ; Gessner, 1 944 ; et al.) are not in full agreement. Certain 
weaknesses appear to be inherent in the idea that quantity of chlorophyll 
is a dependable index of photosynthetic capacity. This field has not been 
adequately explored as yet, and only future work will determine whether 
such a measurement has any significant index value. 

Other Proposed Indices. The organic content of bottom deposits is 
important as food for benthic organisms, but Rawson (1930) seems to 
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have shown that it is not always indicative of the productivity of a lake. 
In general, hard-water lakes are more productive than are the soft-water 
lakes, but all hard- water lakes are not highly productive. Moyle (1949) 
claims that in Minnesota waters total alkalinity and total phosphorus 
appear to be the most valuable indices of productivity. Hypolimnial 
oxygen deficits as indices find both support (Hutchinson, 1938) and 
opposition (Rawson, 1939). Str0m (1933) contended that the rela- 
water volume , , , . . . 

tion surface of bottom '^^^Sely determines the productivity of stagnant 

lakes. Other influences known to be important in natural waters have 
been examined as possible indices, but no conclusive results are 
available. 

Conclusion. Thus far, no single, satisfactory index of productivity has 
been found, and present understanding of the conditions involved in 
productivity in nature seems to indicate that no such single criterion 
exists. Any appraisal of productivity must come, for the present at 
least, from an examination and measurement of several dominating influ- 
ences, the particular category of factors to be determined on the basis of 
the merits of the lake or class of lakes under examination. The search for 
single indices of production of certain specified kinds of organisms, espe- 
cially fish production, has met with much the same fate. Degree and 
area of river overflow have been held to alTect markedly fish production 
but fail as a general index owing to differences in the kinds of lands over- 
flowed, nature of the overflow, and other variables. Alm^s Fh coefficient 
(relation of fish caught per hectare to the live weight of bottom fauna per 
hectare) has not proved wholly satisfactory because of several limitations, 
two of which are (1) its failure to take into account the plankton-feeding 
fish or (2) those species of fish which purposely or otherwise are not 
caught in the usual fishing practices. While from certain utilitarian 
standpoints, the interest in productivity may center about the fish pro- 
duction of waters, the character and quantities of fishes present are not 
always satisfactory criteria of the general biological productivity of the 
water under consideration. As already pointed out in connection with 
the discussion of the cycle of essential food substances (page 340), fishes 
are not necessary components of a complex and, in some natural waters, 
are totally absent. When present, they may fail, for various reasons, to 
give the correct picture of productivity conditions as a whole. For exam- 
ple, conditions of parasitism in the fishes may be such that their ability to 
reproduce and grow is greatly impaired. Reighard (1929) reports such 
an instance in certain northern lakes with much restricted fish faunas in 
which the small-mouthed black bass were under size and under weight for 
their ages, were heavily parasitized, and in one of the lakes, all of the 
specimens examined were believed to have been rendered sterile by the 



BIOLOGICAL PRODUCTIVITY 


359 


presence of an immature stage of a tapeworm {Proteocephalus sp.) in the 
gonads. 

ARTIFICIAL ENRICHMENT 

That man has done much, purposely or incidentally, to affect the condi- 
tions prevailing within many inland waters is well known. The waste 
products of his own life or his industries often find their way into natural 
waters and produce contaminations. Removal of the forests and tilling 
of the land introduce changes through the medium of the drainage which 
are not of the nature of contaminations. In very sparsely settled regions, 
these influences may be negligible, while in some of the thickly settled 
parts of the Old World, the effects may be marked. Contaminations of 
natural waters and their results constitute a highly specialized and com- 
plicated subject which is outside the province of this book. It will 
suffice, however, to point out here that certain kinds of contaminations 
are not always wholly undcrsirable; in fact, from the standpoint of pro- 
ductivity, they may be distinctly desirable. This kind of enrichment of 
the water is due to the addition of substances which, either as they are 
when they enter or after subsequent chemical changes, increase the 
amounts of essential nutritive materials. Among the contaminations 
most likely to function in this way are the domestic sewages, down wash 
from manured fields, and other similar forms of organic matter. In 
some instances, the concentrations of contaminating materials may be so 
great at the region of inflow that conditions lethal to the original flora 
and fauna may prevail, but the ensuing dilution and the subsequent 
chemical changes may result in some enrichment, although care should be 
used in making generalizations, since, it must be remembered, not only do 
the contaminating substances vary immensely in their composition, but 
the natural waters themselves differ so widely in the conditions which they 
present; therefore, the greatest caution should be exercised in any attempt 
to predict the outcome of a contamination. 

Enriching effects due to contaminations are more to be expected in the 
smaller lakes than in the larger ones, although it may occur in the latter, a 
good example of which seems to be Lake Zurich, Switzerland, which, 
according to European writers, has been entrophied by sewage materials 
during the last 65 years. Str0m (1928) makes the interesting statement 
that in some of the smaller lakes of Sweden, Finland, and Norway, the 
tracks of the sledges in the winter can be traced later in the richer develop- 
ment of the bottom fauna beneath those paths. In fact, some limnolo- 
gists have regarded eutrophy as the result mainly of contamination, but 
such a generalization is without satisfactory foundation. There is some 
evidence that the sewage from certain large cities when poured into one of 
the Great Lakes acts in a lethal way over the area of greatest concentra- 
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tion but that, as it spreads farther and farther into the open lakes and 
dilution becomes greater and greater until the lethal conditions are elimi- 
nated, a zone of enrichment may occur in which the biota is distinctly 
increased. 

For many years, fertilizers have been used in Europe to increase fish 
production in ponds. Latterly, considerable research has been done in 
Ameri(5a on the application of fertilizers to inland waters. However, this 
is still a pioneering field. That the proper addition of certain fertilizers 
may have a favorable effect upon fish production seems to be established, 
but there is still much to be learned about the addition of fertilizers to 
different kinds of waters, constituents added, seasonal relations, and other 
critical matters. European work has centered largely about three chemi- 
cal elements, viz., nitrogen, phosphorus, and potassium. Substantial and 
significant work has been done in southern United States on the problem 
of the application of fertilizers to fish ponds. However, it appears that 
caution must be exercised in transplanting these results, in unmodified 
form, to similar waters in other regions, as, for example, to the lake coun- 
try of northern United States. Even in the same region it is difficult to 
establish a dependable practice in the small-area waters. Neess (1949) 
points out that **the principle seems to hold that the smaller the body of 
water, the more aberrantl}" it behaves and the more difficult it is to under- 
stand.” Ball (1949) points out that in his work on the experimental use 
of fertilizers on certain Michigan ponds which have been chosen for 
similarity of physical, chemical, and biological detail will often react quite 
differently to the stimulus of an application of fertilizer.” Ball found 
that in the Michigan waters studied the volume of fish-food organisms 
could often be greatly increased by the addition of fertilizer, leading in 
most instances to an increased growth of the fish. This effect on fish may 
result in the production of larger game fish, or it may mean an increase in 
the number of young fish, leading to an overpopulation of the latter. 
Ball also found an indication that ‘‘the closer the feeding habits of the fish 
concerned are to the base of the food chain, the more the effects of fer- 
tilizer are reflected in total weight of fish produced.” 

Inherent in the problems of application of artifuaal fertilizer to natural 
waters arc dangers of unfavorable effects. Some misstep in the pro- 
cedure or some unanticipated effect may lead to disaster. In northern 
United States, fertilization may lead to winter kill in lakes which normally 
escape this cataclysm. In work of this kind, sight must never be lost of 
the fact that a body of water is an exceedingly complex physical-chemical- 
biological entity balanced by nature into an approximate but uneasy sort 
of stability, ready to explode into imbalance on slight interference. 
Injudicious introduction of fertilizing substances may set up some sort of 
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chain reaction, effects of which may be most unfortunate and difficult to 
interpret. 

Thus far the most progress has been made in fertilization programs for 
small, enclosed waters — ponds, reservoirs, very small lakes. For large 
lakes much less is known about the possibilities of artificially increasing 
production with fertilizers. At the present time, it is scientifically uncer- 
tain and economically impractical. Experiments on certain open arms of 
the sea (Gross et aL, 1946) give evidence of beneficial effects of fertilizers 
on plankton, bottom fauna, and fish growth, but such results can as yet be 
viewed only as exploratory. For a critical discussion of the fertilization 
of natural inland water, the reader is referred to a recent paper by Hasler 
and Einsele (1948). 

The possible enrichments by various organic contaminations must not 
be allowed to conceal the various devastations which pollutions may pro- 
duce. How to make the best use of man^s great organic wastes in the 
enrichment of waters and how to protect waters against the ravages of 
un(;ontrolled contaminations constitute very important problems for the 
future. 

DEPTH AND AREA RELATIONS TO PRODUCTIVITY OF BOTTOM FAUNA 

That the form of a lake basin has a profound effect upon the various 
life processes within it is well known. Ilawson (1930) proposed some rela- 
tions of depth and area to the production of bottom faunas which, though 
relatively undeveloped at present, deserve some mention. He concludes 
that 

1. In general, a lake of large area supports a smaller benthic population 
per unit area than does a smaller lake. 

2. Deep lakes generally support a smaller biota than do the shallow 
lakes. 

3. Since there is a limit to the range over which this increase of area and 
of depth continues to be accompanied by a decrease of the benthic popula- 
tion, an area of 40 sq. miles is suggested as the tentative limit beyond 
which the area no longer exercises a significant control over the (juaiitity 
of bottom fauna, and a depth of 30.5 m. (100 ft.) is suggested as the 
tentative limit of effective control over the bottom population. 

4. Minimal depths and areas probably exist, beyond which this control 
of the amount of bottom fauna is no longer significant. Rawson presents 
a curve (Fig. 44) which has been constructed by plotting the average 
(juantity of bottom fauna in each of the lakes included, expressed in 
pounds dry weight per acre and area in square miles and depths in feet, 
against the product of the depth and area of each, explaining that the 
product of the area and depth is not considered as volume, since each 
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represents separate factors. In lakes having areas greater than 40 sq. 
miles, the depth is multiplied by the proposed limiting area (40 sq. miles) ; 
and in those instances in which the depths exceed 100 ft., the area is 
multiplied by the proposed limiting depth (100 ft.). Rawson points out 
that the curve representing the relation between quantity of bottom 
fauna and depth times area is not expressible by any single mathematical 



PRODUCT OF AREA(UPT0405Q.MILE5)XDEPTH(UP TO 100 FT) 

Fig. 44. Graph showing tho relation between the amounts of bottom fauna and the 
product of the depth and the area (within limits) of lakes. {Hedrawn frenn Rawson, 19.30.) 


e(juation but maintains that such a result is to be expected because of the 
complexity of the causal factors and the heterogeneity of the fauna itself. 

The value of this curve as well as the form of the curve must at present 
be regarded as tentative. Its author states that the relations portrayed 
are not universal but expresses the expectation that as the mass of com- 
parable quantitative data on lake-bottom faunas increases, a closer 
approach to the true form of the curve will result. Many of the bottom- 
fauna data now available are either fragmentary or are, for some reason, 
not comparable; therefore, they cannot be worked into this conception 
with any accuracy. 



PART IV 

SOME SPECIAL TYPES OF LENTIC ENVIRONMENTS 


Among the various lentic environments are some which are sufficiently 
common and distinct to justify special treatment here, even though the 
general limnological features presented in the foregoing sections apply to 
lakes at large. No attempt will be made to include all of the more special 
types, but the discussion will be confined to two, viz., ponds and bog lakes. 




CHAPTER XV 


PONDS 

In a previous section of this book (page 15), some attention was given 
to the diflBculties of distinguishing between lakes and ponds. Possibly, 
a way out of the dilemma would be to follow Forel in regarding all bodies 
of standing water, irrespective of size, as lakes. However, the term pond 
has such universal use, and the general conception of a pond is so widely 
understood, that it seems best to employ the term pond for that class of 
very small, shallow bodies of standing water in which relatively quiet 
water and extensive plant occupancy arc common characteristics. 

That the great diversity of lakes is also represented in ponds goes with- 
out saying, since not only are the conditions of origin, distribution, and 
general status similar, but also ponds are often themselves the evolu- 
tionary successors of previously existing lakes. In most respects, limno- 
logical knowledge of lakes is much more advanced than is that of ponds; 
in fact, for ponds it is fragmentary, often altogether lacking in some 
aspects, and widely scattered in the literature. Much has been learned 
about fish ponds of various kinds; also about open, water-supply reser- 
voirs. However, in both instances, man’s influence is usually a potent 
modifying factor; and while many of the facts worked out in these more or 
less artificial situations arc applicable in an understanding of pond life, 
nevertheless, these waters cannot qualify as natural, unmodified ponds. 

Ponds are mainly of three general classes: (1) those which represent 
the pond stage in the extinction of previously existing lakes; (2) those 
whose basins have never been large or deep (not preceded by a lake) but 
instead have been small of area from the start and, because of recent origin 
or for some special reason, have persisted in the pond stage; and (3) those 
whose basins are the results of man’s activities (excavations, quarries, 
impoundments, etc.). Natural processes alone are constantly forming 
new pond basins (cut-offs from streams, solution basins, beach ponds, and 
many others), some of which are never more than temporary ponds from 
the beginning; others qualifying as permanent ponds at least for a period 
in their existence. 

With respect to seasonal duration, ponds are customarily divided into 
two general classes: (1) permanent — those which contain some water the 
year round; and (2) temporary — those in which the basin contains water 
at certain times or seasons and becomes dry at others. Those which 
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occur for but a limited period in spring are called vernal ponds; those 
which contain water in spring, dry up during summer, and again contain 
water in the autumn are called vernal autumnal ponds; and those which 
contain some water throughout the open season but freeze to the bottom 
in winter have been called aestival ponds. 

PHYSICAL CONDITIONS 

Water Movements 

Owing to the small areas involved, water movements in ponds arc 
minimal. Even in the most exposed ones, wave action is very slight, 
while other forms of water movement, such as currents, are present in 
appreciable form only in those so-called ponds which are expanded por- 
tions of stream systems. Luxuriant plant growths, which are often 
accompanying features of ponds, do much to further restrict water move- 
ments. Many ponds are so thoroughly protected by closely surrounding 
forests, hills, and similar features that even in times of high winds they 
may maintain an approximate calm. These conditions of almost con- 
stant calm in highly protected ponds tend to favor the development of 
stagnation conditions in the bottom levels, even during the summer, 
although most ponds of the less protected situations have a more or less 
complete circulation during the entire open season. 

Temperature 

Because of the shallow depth and the large expanse of surface as com- 
pared with the volume, pond waters in general tend to follow the tem- 
peratures of the atmosphere. This tendency is manifested in both the 
annual and the diurnal variations. Very shallow ponds may freeze 
almost or entirely to the l)Ottom in the more northern latitudes, while 
during the summer the temperatures may rise, on occasion, to 30°C. or 
above. In northern United States, where at times during summer the 
days may be warm and the nights cool, the daily variation of water tem- 
perature may be wide. However, so many variables enter into the tem- 
perature relations of ponds at large that few general statements can be 
made. The observer constantly finds unexpected temperature features 
of which the following are but a few. Almost continuous calm, due to 
unusually protected conditions, may, even in hot weather, result merely 
in a warm, thin, upper layer (due to the poor conduction of the water 
itself) while the lowermost water may remain relatively cold. Plant 
growths tend to reduce any mechanical mixing of the water by wind and 
often help maintain sharp temperature contrasts between the surface and 
the bottom water in summer. The writer has found situations, in mid- 
summer, in which within a depth of about 0.6 m. there was a difference of 
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more than 6°C. and a diminutive thermal stratification was present. He 
has also found in some of the larger beach ponds a difference of as much as 
17°C. in the temperature of the whole mass of water during midsummer 
when air temperatures varied suflSciently to make such differences 
possible. 

In general, ponds acquire ice cover long in advance of the date of freez- 
ing of lakes, and all of the ponds of a given region are likely to frei®te%*ver 
at about the same time. Ponds protected from wind will usually devdop 
ice cover before those exposed to wind action, if the wind is blowing and 
other conditions arc the same in the two kinds. This time difference, 
however, is relatively slight. In contrast to this almost simultaneous 
freezing over of ponds in late autumn or early winter, the date of loss of 
ice cover in spring may differ widely among ponds of similar size in the 
same region. Ponds which are shaded and protected from wind action 
lose the ice cover last. Especially is this true of forest ponds. There are 
records of a difference of three weeks in the thawing of forest ponds and 
those of open lands. Usually, the ice disappearance in ponds occurs well 
in advance of that event in lakes. 

Turbidity 

Turbidity, due either to plankton growths or to suspended nonliving 
matters, varies greatly with the circumstances of season, productivity, 
nature of the basin, degree of exposure, inflowing sediment, and other 
similar features. Some ponds are clear; others, extremely muddy. 
Between these extremes exist all possible intergrades. Settling suspended 
matters usually drop rather quickly to the bottom because of the shallow 
depth and the relatively quiet water of most ponds, although much of it 
may be so light and flocculent that the ordinary locomotor movements of 
the various swimming animals keep some of it in suspension much of the 
time. Ponds with mucky bottoms maintain, more or less permanently, 
a layer of cloudy water just above the bottom, due largely to finely 
divided materials which are virtually nonsettling. Ponds with clay 
bottoms or those receiving inflowing, clay-bearing waters are likely to 
have high turbidity. Those ponds whose bottoms are composed of sub- 
stances in which sand, gravel, and humus predominate are likely to have 
very low turbidity, and the same is true of those with rock basins such as 
occur in mountain regions and areas of extensive rock outcrop. Sudden 
variations of turbidity, due to rains, are not uncon^mon. 

Light 

The shallow depths of ponds usually make possible an illumination of 
the bottom by effective light so that plants may occupy the entire basin. 
Luxuriant growths of plants produce much shading of underlying waters. 
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Woodland ponds are often subject to shading by the surrounding forest, 
especially during the summer. Unshaded ponds with clear water may be 
illuminated throughout with an intensity almost as great as that at the 
surface. light penetration is much affected by the irregular and some- 
times abrupt variations in turbidity. Since the small depths allow such 
complete illumination, it follows that ponds in general are subject to the 
greatest range of the daily and seasonal variations in light supply. 

CHEMICAL CONDITIONS 

Dissolved Gases 

No general statement can be made concerning the usual expectation as 
to the dissolved gas content of ponds. It has sometimes been supposed 
that pond water is well supplied with dissolved oxygen and relatively low 
in the decomposition gases, since frequent circulation of the water and 
maximum exposure to air were thought to keep it well aerated. Such 
may be the condition in larger, much exposed ponds in which wind action 
is vigorous, but circulation in ponds is much reduced, and many ponds 
circulate little if at all. Therefore, the full range of dissolved gas varia- 
tion is to be expected and is actually often realized. Obviously, the 
nature of the bottom has a profound influence upon the gas content of the 
superimposed water. In protected ponds with mucky bottoms, a well- 
defined chemical stratification may exist in summer, even in the shallow 
ones, in which the oxygen is abundant in the thin surface layer but totally 
absent in the deepest layer, and in which the free carbon dioxide and some 
other decomposition gases may occur abundantly in the lower water. 
Shelf ord (1911) studied a series of ponds at the south end of Lake Michi- 
gan and found the dissolved oxygen content of the uppermost water as 
shown in Table 44. 

Table 44. Oxygen in Cubic Centimeters per Liter in Water of Ponds at Souti 

End of Lake Michigan 

Samples taken at 10 to 12 cm. below surface of open water 
Modified from Shelf ord 


Date 

Pond 

Pond 

Pond 

Pond 


1 

5c 

7a 

145 

July 22, 1910 

6.90 

4.68 

7.44 

6.20 

Apr. 26, 1911 

6.87 

7.26 

6.96 

6.27 


These ponds showed considerable amounts of oxygen in the surface 
waters; but at greater depths and in proximity with different kinds of 
bottoms, very dissimilar results were obtained, particularly in the older 
ponds. Table 45 indicates the nature of the findings. 
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Tablb! 45. Dissolved Oxygen Content and Free Carbon Dioxide Content of 
Waters in Certain Ponds at South End op Lake Michigan 
All results expressed in cubic centimeters per liter. Samples taken at depths of 
35 to 40 cm. Ponds indicated in order of age, pond 1 being the youngest and 

pond 146 the oldest 
Modified from Shelf ord 
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These results show (1) that over sandy bottoms of younger ponds, 
abundant dissolved oxygen prevails during the open season; (2) that the 
water over vegetation has a moderate dissolved oxygen supply at least 
during the day; (3) that in the older ponds the lowermost waters show an 
oxygen supply during the spring months but during the summer are 
devoid of oxygen; and (4) that the free carbon dioxide content of the 
deeper water is greater in the older ponds. These conditions are doubt- 
less duplicated, more or less, in a great many ponds during the open 
season. 

In some ponds, certain decomposition gases may become quite promi- 
nent during the summer, especially methane and hydrogen sulfide. 
Either of these gases may be evolved from bottom materials in conspicuous 
amounts. 

Mention has already been made (page 97) of the reported fact that 
in some plant-filled ponds, lagoons, and similar waters, complete exhaus- 
tion of the dissolved oxygen supply may occur at night, owing to the com- 
bined consumption activities of animals, plants, and bottom deposits. So 
few studies of this phenomenon have been made that the extent of its 
occurrence is little known. Without doubt, oxygen reduction goes on at 
night during the open season to varying extents, and it may be that this 
extreme reduction is more common than is now realized. Return of 
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effective light at dawn restores oxygen through photosynthesis to the 
water and rescues the biota from the threat of suffocation. 

Concerning conditions within natural ponds during the winter and 
under ice cover, little definite information is yet available. In more 
northern latitudes, it would seem that long, continuous ice cover would 
bring about such complete loss of dissolved oxygen and such accumula- 
tions of de(;omposition products that the contained life would be destroyed. 
That such tragedies do occur, at times, to at least some of the biota is 
known, but in many ponds in which it would seem certain that such fatal- 
ities would occur, they do not appear but instead, the ice fades off in 
spring, and the pond resumes its open-season activities with the usual 
succession of organisms. A satisfactory explanation for the apparent 
protection of the biota against the effects of complete, prolonged, winter 
stagnation in ponds at large or for the common failure of such complete 
stagnation to occur is not yet available. Encystments, hibernation 
stages or conditions, special behavior, and life-history phenomena may 
save the day for many species. 

Petersen (1926) studied seasonal phenomena in a C/wira-cat-tail pond 
in which the water did not exceed 70 cm. in depth and found that the 
oxygen rose to about 13 (jc. per 1. in early January; dropped precipitously 
to about 5 cc. per 1. in mid-January; declined to about 2 cc. per 1. in 
March; rose abruptly to about 10 cc. per 1. in late March; gradually 
declined from early July to about 0.7 cc. per 1. in mid-August; and then 
began to rise rapidly in September. In midwinter when but 5 to 7.5 cm. 
(depth) of water remained under the ice (;over, no animals were found, 
although one week before the thaw they began to reappear. No explana- 
tion is given as to the nature of this disappejaranc^e. Petersen ^s figure 
(Fig. 45) shows the nature of the seasonal (Jianges in oxygen and certain 
accompanying features. 


Dissolved Solids 

Available data on dissolved solids in ponds are so meager that satisfac- 
tory statement is not possible. Shelf ord (1911) found that in a series of 
ponds at the south end of Lake Michigan there was a notable decrease in 
total solids in the older ponds; although he points out that the statement 
is based upon a single set of analyses and therefore subject to reservation. 
Chapman (1931) mentions unpublished work by Transeau which showed 
that in certain ponds the water maintains the same relative concentration 
irrespective of water level. Examinations of the various scattering 
analyses of pond waters yield little more in general conclusions than (1) 
that such a content exists in all ponds; (2) that ponds differ qualitatively 
and quantitatively in dissolved solids; and (3) that the various dissolved 
materials show a quantitative seasonal variation, which often differs 
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markedly in different ponds, even in those which are closely adjacent. 
Obviously, the whole matter of dissolved solids depends much upon such 
circumstances as the geological history of the basin; nature and source of 
bottom deposits; presence or absence of outlets; presence or absence of 



Ki(i. 45. Graphs showing seasonal changes in certain environmental factors and in the 
number of animals during the year in a (7feara-(!at-tail pond. In section a, dissolved oxygen 
content in cubic centimeters per liter is indicated by the dotted line and pH values by the 
solid line. In section 5, numbers at the left indicate the total number of aninials found. 
In sec.tion c, numbers at the left indicate water temperatures in degrees centigrade. In 
section d, numbers at the left iiulicate the depth of water in imdies. The spaces between 
the vertical heavy lines indicate the time during which ice covered the pond, (fiedrawri 
frtm Petersen, 1926.) 

inflowing water, either surface streams or subterranean water; area of 
drainage; rainfall; wind-blown material; and character of the biota. 

Hydrogen-ion Concentration 

As might be expected, the various bodies of water commonly designated 
as ponds differ as widely in reaction as do all the various kinds of lakes 
and manifest a range practically equal to the entire range known for 
unmodified, natural waters. In an examination of 39 ponds in Denmark, 
Wesenberg-Lund (1930) reported a range of pH 4.4 to 9.4, and there is 
reason for believing that a variation of this magnitude may be equaled, if 
not exceeded, in many regions of North America where ponds are common 
and diversified. Reaction of pond water is normally subject to variation, 
often of wide range, in the same pond, and various ponds differ greatly in 
this respect. 
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Data given in Table 46 illustrate to a limited extent the pH in different 
pond waters, although the records chosen do not represent known 
extremes. 


Table 46. Some Selected Records op pH Variation in Ponds 


Pond 

Variation, 

pH 

Period of 
observation 

Authority 

C^ro-cat-tail pond 

6.S-7.9 

12 months 

Petersen (1926) 


Granite pond 

6.2-6. 8 
7.(>~9.2 

2 seasons 

2 seasons 

Reed & Klngh (1924) 
Reed & Klugh (1924) 

Limestone pond 


Pond A 

6. 6-9. 2 
6.5 

Aug. 6-26 
Aug. 5-17 

Darby (1929) 

Darby (1929) 

Pond B 


8taddon Reservoir 

7. 5-9. 3 

6. 0-8. 7 

2 years 

14 months 

Atkins & Harris (1924) 
Atkins & Harris (1924) 

Quarry pond 



In some ponds, the pH remains practically constant over considerable 
periods of time; in others, it may change progressively and more or less 
uniformly; in still others, it may shift irregularly, often rather abruptly 
and over considerable range; e.g., ponds have been reported in which a 
change of pH from 9.2 to 6.6 occurred from one day to the next. It is 
claimed that heavy rains may produce marked alterations in the pH of 
some ponds, especially those in which the buffer action is low. Rain 
water itself may produce some (hange; however, it has been claimed that 
since rain water is only slightly acid and is completely unbuffered, it 
cannot account for some of the larger changes which occur but that these 
must be due to certain substances which the rain water picks up in running 
over the soil of the drainage basin and delivers into the pond. While 
decreasing volume of water due to evaporation is often accompanied by 
progressive changes in pH, instances have been reported in which the 
shrinkage from normal water level to subsequent dryness showed no 
alteration in the hydrogen-ion concentration. 

Electrolytes 

Very few measurements of conductivity have as yet been made in 
unmodified pond water. Atkins and Harris (1924) report values of 121, 
170, and 263 reciprocal megohms in three similar adjacent ponds in 
England. They found that the electrical conductivity is high when the 
pH is low, and vice versa, and suggest that this may be due to the precipi- 
tation of the calcium and magnesium carbonates owing to the decrease of 
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carbonic acid in solution, and that the reduction in conductivity may be 
the result, at least in part, of the removal by Algae of electrolytes neces- 
sary for their growth. There is reason to believe that in various ponds, 
wide differences in conductivity occur; also, that ponds may show fluctua- 
tions in conductivity at different times of year and at different times of 
day. 

BIOLOGICAL CONDITIONS 

Typical ponds differ from lakes in the absence of most truly limnetic 
animals and plants. Pond organisms, therefore, are essentially of the 
littoral and benthic types. Another difference exists; viz., the usual 
diversification of the littoral area of lakes into different habitats has no 
counterpart in ponds, since the littoral area of the latter is practically 
uniform. It must be kept constantly in mind that nature provides all 
possible gradations between ponds and lakes many of which manifest 
mixtures of those features which characterize lakes and ponds. 

Plant Growths 

Ponds may be divided roughly into two general classes: (1) those with 
bare bottoms and (2) those with bottoms composed of soft, accumulated 
deposits. In general, those with bare bottoms are sometimes virtually 
devoid of the larger vegetation, while in those with bottom sediments, 
abundant growths of higher plants are to be expected. Ponds repre- 
senting transitions between these two classes show plant growths of 
various kinds and quantities. The (jualitative composition of the flora 
differs in different latitudes. 

Pond vegetation of a well-developed sort tends to be arranged in zones 
more or less parallel to the shore line. In general respects, this zonation 
resembles that of the bordering aciuatics in the protected bays and coves 
of lakes (page 299). Typically, the usual three zones arc to be expected, 
viz., (1) the marginal zone of emergent plants; (2) the middle zone of 
floating plants, which includes (a) rooted forms whose leaves float on the 
surface and (h) completely floating, unattached plants; and (3) the zone 
of submerged forms. Obviously, all of these zones can occur only in those 
ponds which have depths sufficient for the development of such a zonation. 

In the older and more productive ponds, algal growths, in which repre- 
sentatives of virtually all of the groups of fresh-water Algae may partici- 
pate, often become conspicuous. 

/ 

Plankton 

With the possible exception of the exceedingly small and the highly 
transient pools, ponds maintain a plankton. Certain ponds, according 
to statements in the literature, have very few true plankters, the implica- 
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tion being that the microscopic organisms which occupy the more open 
portions of the water are essentially of the same nature as the strictly 
littoral ones which occur about the margins and constitute a different 
group of organisms. However, it is an open question whether such a 
distinction has any important natural basis. Many of the lake plankters 
also occur in the plankton of ponds. Pond plankton may also contain 
still other species usually found only in such situations. Furthermore, 
tme littoral and bottom forms intermingle. Such a mixture is the 
inevitable result of the very restricted areas and depths so characteristic 
of ponds. If pond plankton is to be considered as a distinct type (helco- 
plankton), as is contended by some authors, it is a distinct type merely 
because it contains additional components not found in lake plankton and 
not because lake plankton types arc wholly absent. If there is foundation 
for the vigorous insistence of Wesenberg-Lund that the home of the 
fresh-water plankton is to be found on the bottom and in the littoral 
region of lakes and ponds, “whence it is still recruited to this very day,'' 
then the plankton of ponds and that of lakes arc so geneti(!ally related 
that they should show a composition gradient from a more (lualitatively 
diversified pond biota to a less diversified lake plankton biota, with no 
significant dividing lines. 

Knowledge of pond plankton is yet so fragmentary that it is very diffi- 
cult to generalize in a satisfactory way. Certain European limnologists 
stress the much richer representation of the (^hlorophyceae in pond plank- 
ton as compared with lake plankton, the ponds maintaining species not 
found in lake plankton. Records of 90 or more different species of Algae 
in one pond appear in the literature. It has been claimed that in Danish 
ponds, the Rhizopoda are of distinctly secondary importance, but this 
conclusion does not hold for ponds at large. In the permanent ponds 
and, perhaps to some extent, in the temporary ones, the plankton may be 
expected to show two annual maxima (spring and autumn) resembling 
similar maxima in lakes (page 253), although the occurrence of but one 
maximum, in some instances in the spring and in others in the autumn, is 
on record. 

Wesenberg-Lund (1930) made extensive comparisons of the plankton 
in Danish lakes with that of. Danish ponds and arrived at conclusions 
among which arc the following: 

1. Pond plankton differs in composition from lake plankton in several 
respects, some of which are: (a) Diatoms, common in lakes, are almost 
absent in ponds; (6) ponds are much richer in flagellates; (c) ponds main- 
tain a greater production of Myxophyceae; (d) desmid production is 
greater in ponds; {e) Protozoa play a much more prominent role in ponds; 
(/) all rotifers from the pelagic regions of lakes also occur in ponds, 
although often exhibiting somewhat different growth forms; and {g) the 
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Entomostraca probably include the largest number of species which either 
belong exclusively to the lake plankton or occur exceptionally in ponds, 
although certain genera (example, Ceriodaphnia) are very largely com- 
posed of typical pond plankters. 

2. Lakes, as a group, show a greater uniformity of plankton composi- 
tion (qualitative) than do the ponds. Species known only from one lake 
are few, while the reverse is true of the ponds. This diversification of 
pond plankton, however, occurs only during the summer, disappearing 
shortly before the formation of the ice cover. 

3. Winter plankton in Danish lakes includes both phytoplankton and 
zooplankton, the former predominating during mild winters. Winter 
plankton of ponds is often almost exclusively zooplankton. 

4. The perennial plankton daphnids of lakes manifest striking seasonal 
and local variations, while in the pond plankton these phenomena are 
much restricted or even absent. In the rotifers, however, the reverse is 
true; it is the pond plankters which have pronounced seasonal and local 
variations, while, with few exceptions, it appears that seasonal variation 
is unknown in rotifers from the pelagic regions of the larger lakes. 

Variations in the composition of the plankton from year to year are 
much greater in ponds. 

It should be kept in mind that these generalizations are based upon a 
long-continued study of the ponds and lakes of a relatively small and 
limited region (Denmark) and may hold only in part for different and 
more diversified areas. 


Faunal Characteristics 

'^riicrc is no occasion for giving here a census of the various faunas found 
in ponds. Certain general (diaractcristics only will be mentioned. 

1 . Among the vertebrates, amphibians constitute the important group. 
Fishes are cither reduced to minor quantities or are absent except in the 
larger, permanent ponds. 

2. Of the invertebrates, the Protozoa, rotifers, insects, crustaceans, 
and snails are most important. 

3. Pond faunas, partit^ularly those of temporary ponds, arc largely 
(romposed of species which may pass a part of the life cycle out of water, 
as an acitive aerial or a terrestrial stage or in some quiescent condition. 

4. Surface-film animals and those which must come to the surface for 

breathing are often abundant. ^ 

5. A few species occur almost exclusively in temporary ponds, a typical 
example being the common fairy shrimp, EubrancMpus vernalis, while, on 
the other hand, some species occur only in permanent ponds, e.g., certain 
gammarids (Chapman, 1931). 

6. Insects usually manifest the greatest number and diversity of species. 
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Faunal Variations 

Pond faunas are extremely variable. The following quotation from 
Wesenberg-Lund (1939) deals directly with Danish ponds, but general 
features of the description hold for ponds at large. 

Nowhere do the variations in the composition of the fauna seem to be so great 
from year to year as in ponds. It is a well-known fact that Phyllopods may one 
year be very numerous in a given pond; in the next year or even in a series of 
years, not a single si)ccimcn can be found. This holds good esj)ecially for 
Branchipm and Apus, In North Seeland, we can speak of Limnetis years, i.e., 
years when Limnetis is found in numerous ponds; then for a series of years it will 
be impossible to get a single one; my studies on Planaria (Mesostomn lingua) , 
Cladocera, Rotifera, Flagellata, Ostracoda, Diaptomus species, Hydrachnida 
have all shown the same fact. A species may be abundant in a pond one year, 
disappear for three or four years, and then suddenly reappear. Furthermore, 
explorations carried on year after year in the same pond show that species which 
are constant temporally may live their life in the same locality in different man- 
ners in the different years. One year, the species will propagate monocyclically; 
the next, di cyclically; in another again the formation of resting eggs is almost 
stopped; the sexual period may be much displaced, in one year forward; in 
another backward. Owing to the great variation in the composition of the 
pond plankton from year to year, especially of tlie nannoplankton, the diet 
differs enormously and exerts its influence upon the rij)cning of the sexual prod- 
ucts. In one year species have completed their development before the ponds 
are covered with ice, in others, they are forced to hibernate as larvae below the 
ice (frogs, salamanders) resulting in tendency to Neotaeni in one year, but not 
in others. 

Ska SON AL Succession 

The procession of seasons in temperate latitudes brings about seasonal 
successions among the biota of ponds which are quite definite and often 
very striking. While the details of these phenomena differ in different 
regions and in various kinds of ponds, some features arc sufficiently gen- 
eral to deserve mention here and are illustrated by results taken from cer- 
tain papers selected from the large but scattered American literature. 

In certain permanent, old forest ponds, Alice (1912) found a well- 
defined, qualitative and quantitative seasonal succession. The number 
of species present at any one time was greatest in midsummer (64 in 
August) and smallest in winter (5 in January). Among the fauna, the 
Crustacea, with Asellus communis as the predominant species, were 
numerically dominant at two times during the year, viz., in spring and in 
autumn, while the pond snails, with Lymnaea reflexa the predominant 
form, were numerically dominant in midsummer only. 

Petersen (1926) studied the seasonal succession of animals in a perma- 
nent C/iara-cat-tail pond and found that 
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Each species of animal had two periods of maximum abundance, one in autumn 
and one in spring. Each tended to decrease during the fall, some early and others 
late. Some, such as the mud minnow. Umbra limi; the pond snail, Pkysa; the 
water strider, Gerris remegis; the dragonfly nymphs, Libellulidae; and the damsel- 
fly nymphs, Agrionidae; disappeared in November, when the pH, oxygen, tem- 
})eratuTe, and depth of the water w'ere all high; others, such as the isopod, Jlfon- 
caseUus danielsi; the amphipod, Hyalella knickerhockeri; the small-gilled snail, 
Amnicola (two sp.) ; and the flat pond snail, Planorhis dejkctus, disappeared after 
the ice covered the pond, when pll, oxygen, and temperature were low. Those 
last to disappear were the first to appear in the spring as soon as the pond was 
free of ice, when oxygen, pH, and water were very high, but the temperature 
was low. No animals were found in midwinter, when there was very little 
available water, low pH and oxygen, and low temperature. 

All groups increased in numbers as the temperature rose in spring. Planorbia 
dejkcius, Amnicola^ Hyalella knickerhockeri ^ and Mancasellus danielsi reached a 
maximum early in the season, in April and May, when the oxygen and pH were 
high, temperature moderate and rising, and water deep. Physa^ Umbra limi^ 
Pleoj the Ephemeridaej Agrionidae, and Libellulidae, on the other hand, reached 
a maximum through May and June w^hen the oxygen, pH, water temperature, 
and depth were high. With the exception of Gerris, all of tlie animals were 
flecidedly scarce at the end of August, when the pTI and oxygen were extremely 
low, temperature of water high, and depth of water very low. 

It was concluded that the general seasonal succession of the animals 
w^as directly due to the temperature and water-level conditions and that 
pH and dissolved oxygen content were accompanying factors rather than 
causal ones. 

Other investigators (Scott, 1910; Jewell, 1927; et al.) have found a 
spring and autumn maximum among pond-plankton organisms; also, 
a great reduction of plankton during midwinter and midsummer. 

Seasonal successions occur in the temporary ponds as well as in the 
permanent ones, although differences in the fauna and the various exi- 
gencies imposed by the alternate presence and absence of water in the 
basins alter the general features of the succession. An example of this 
form of seasonal sequence appears in a study by Shelf ord (1919) of the 
spring and early summer succession, up to the disappearance of the water, 
of a temporary pond near Chicago, 111., with special reference to five of 
the larger animals of the fauna. Figure 40 and its accompanying legend 
indicate the character of the succession. Various organisms other than 
the five mentioned must have been present. 

General Ecological Succession 

It has already been pointed out that the usual, general succession of 
standing waters is from lake to pond, from pond to swamp, and from 
swamp to dry land. Since, however, not every pond is the remnant of 
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a lake, the succossional history of all ponds is not the same. Ponds 
which arise from senescent lakes are already old when they become ponds 
and usually have the various characteristics of old ponds, such as a 
relatively rich flora and fauna. On the other hand, in those ponds which 
have their initial beginnings, natural or artificial, as ponds^ the usual suc- 
cession is from bare bottom and minimal biota to vegetation-covered 
bottom with increasing biota, finally to swamp, and then dry land. These 
final stages involve a shrinking, changing biota, one feature of which is a 
definite increasing of those animals which respire at the surface over those 
which use the dissolved oxygen of the water. 
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Fig. 46. Dias^ram showinj; .succession of five of the animals in a temporary pond on a 
vacant Chicago lot, from early March to June. The length of the animal’s body plus the 
length of the arrow indicates the dates between which a(lult.s of the five species may be 
found. The ai)pearance of the gra.sshopper, whic.h is a dry land form, coincides with the 
drying up of the pond. {Modified from Shelford, 1919.) 

It is evident that the age of a pond is of fundamental importanc^e in 
determining its character. The influeiKies and a(;companying features 
of increasing age arc numerous, and published results do not always agree. 
Shelford (1911) studied a remarkable scries of chronologically graded 
ponds and formulated certain conclusions among which are the following: 
( 1 ) Bacteria, plankton, vegetation, and the larger animals increase quan- 
titatively as a pond grows older; (2) mucky bottom deposits increase, 
and dissolved oxygen decreases with the age of a pond; (3) animal suc- 
cession in ponds results from an unused increment of excretory and decom- 
position products which bring about an increase of vegetation, a reduction 
of oxygen at the bottom, and a general alteration of the surroundings, all 
of which primarily affect breeding. 
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Krecker (1919) investigated the influence of age upon the faunas of five 
rock-bottom ponds formed in deserted limestone quarries, all occurring 
in the same region and representing ages of one, five, ten, fifteen, and 
thirty years. In summer, the oldest and the youngest (thirty years and 
one year old, respectively) ponds had almost the same number of species 
of insects, the abundance in the youngest pond being both qualitative and 
quantitative, while in the oldest pond it was qualitative only. The 
plankton showed a progressive diminution in the total number of individ- 
uals of all kinds from the youngest to the oldest pond, although it should 
be noted that in the youngest pond Protozoa and rotifers comprised 99 
per cent of the total zooplankton, while in the oldest pond the Entomos- 
traca comprised 85 per cent of the total. 

In a study of sink-hole ponds in Illinois, Eddy (1931) found that as long 
as a pond remains in the permanent stage, the plankton shows little 
change, once it becomes established, but that with decreasing depth and 
the onset of temporary pond conditions, plankton organisms mingle with 
tliose from the bottom to form an assemblage characteristic of very 
shallow water. He points out that certain pond plankters persist almost 
as long as any water remains. 

In spite of published results to the contrary, it appears that in the large 
majority of instaiu^es and within certain limits, increasing age of a pond 
brings about a progressive qualitative and quantit-ative increase of the 
biota. However, this result becomes reversed after a pond passes its 
maximum production stage and enters upon its senescence. 

The best opportunities for the study of succession in ponds are usually 
found in those inland ponds which originate as ponds and appear in a 
definite chronological order, so that in the same restricted region the 
investigator may find various stages of the succession in basins formed by 
the same processes and s\ibject to the same environment. Under certain 
circumstances, lakes form series of beach ponds, more or less parallel to 
each other, the youngest being at the lake margin. Back of the most 
recent one are sucjc^essively older ones, the last recognizable pool probably 
succ^ceded on the landward side by some pools which have long ago been 
transformed into dry land. Such a scries, beginning at the lake beach, 
may present the following general stages and in the order named: (1) 
young, exposed, permanent, bare-bottom ponds; little or no marginal 
vegetation; little or no vegetation on the bars which separate them; little 
biota; (2) adolescent, permanent ponds; increas^ingly muddy bottoms; 
invading aquatic vegetation; certain amphibious vegetation (sedges, et 
al), low shrubs, seedfings of forest trees, etc., on the bars; an increasingly 
diverse and abundant biota; (3) mature, muck-bottom, permanent ponds; 
abundant growths of aquatic vegetation, often arranged in the typical 
marginal zonation; young forest trees or some other mature vegetation 
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on the old bars; the biota at its peak of qualitative and quantitative 
development; (4) senescent ponds; becoming temporary; invading vegeta* 
tion gradually effecting complete capture of the entire basin; a bound- 
ing row of trees or other vegetation of mature type now marking the 
original margins; with a rapidly declining fauna; (5) marsh ponds; 
becoming increasingly dry, with standing water disappearing, possibly 
present only at times of unusually high lake level or following periods 
of greatest rainfall; completely carpeted by vegetation which is a 
mixture of remnants of the old marginal, emergent, aquatic plants and 
the invading amphibious speedes; surrounded by a high wall of trees or by 
some other type of mature vegetation; original aquatic biota virtually 
absent; (6) dry, almost completely filled depressions; marked off by the 
row of larger trees- the first ones to grow on the original margins; basin 
devoid of aquatic plants and possibly with merest hints of the old amphib- 
ious plants; now invaded by the marginal shrub zone and by certain dry- 
land types of ground plants; all traces of the old aquatic fauna gone. On 
undisturbed, forested lake shores, it is sometimes possible to locate very 
ancient beach ponds remote from the shore by tracing the rows of large 
trees and noting the much younger type of forest ocicupying what was 
once the basin, no other surface evidences of the basin remaining. Verti- 
cal subsurface samples taken with a soil sampler will also indicate the 
position of the old basins and, if properly used, will also determine the 
original depth, since the deposits are usually markedly different from the 
materials of the original basin. In regions underlaid by limestone, solu- 
tion ponds are not. only common but also often provided a series grading 
from recently formed ones to those in late senescent stages. Such series 
offer inviting opportunities for the study of succiessional phenomena. 
Similar opportunities arise out of other natural and artificial processes 
which produce graded age series of basins in the same area. 

Productivity Features of Ponds 

Correlations and Limiting Factors. In the numerous attempts to 
solve the production problems of ponds, various factors and conditions 
have been proposed as the major determiners of productivity. Unfor- 
tunately for any discussion of the limnological aspects of these prob- 
lems, most of the intensive studies to date have been made on experimen- 
tal fish ponds; and while some fish ponds practically duplicate conditions 
in nature, most of them involve, one way or another, the modifying influ- 
ences of man and are artificial to varying extents. The whole subject is 
still so immature that little more can be done here than refer briefly to 
results reported in certain selected, literature. 

Schneberger and Jewell (1928) found an important relation existing 
in certain Kansas hatchery ponds between turbidity and fish production. 
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viz., that a decrease in turbidity was accompanied by an increase in fish 
production until the turbidity fell below 100 p.p.m., after which the num- 
ber of fish was controlled by other factors. All of the ponds with high fish 
production had 10 to 90 per cent of the bottom covered by vegetation, 
but exceedingly dense plant growths and the opposite extreme (absence 
of vegetation) both resulted in low fish yields. Results obtained in 
studies made on certain fish ponds in Europe have been reported as show- 
ing that phosphorus compounds and the nitrogen-fixing bacteria are the 
principal limiting factors of the fauna, particularly the fishes. Atkins 
and Harris (1924) hold the view, based upon work done on certain ponds 
in England, that the lack of phosphate rather than lack of nitrate or 
ammonium salts limits, as a general rule, the plankton in fresh water just 
as it is thought to do in the sea. Wiebe (1930) concluded from studies on 
experimental, artificial fish ponds at Fairport, Iowa, that the soluble 
phosphorus was a limiting factor but possibly not the only one. He also 
concluded that temperature, transparency, pH, free carbon dioxide, dis- 
solved oxygen, dissolved chloride, and inorganic nitrogen were not limit- 
ing factors. 

While there exists at present a considerable emphasis on phosphorus as 
a possible limiting factor, this idea does not have the full support of all 
investigators. There is reason for doubting if any particular limiting 
factor is the common and exclusive limiting agent in any pond; also, for 
doubting that the limiting factor or factors are necessarily the same in 
different ponds. 

Biotic Potential and Environmental Resistance. Chapman (1931), 
who made extensive investigations on biotic potential in general, stated 
that the high biotic potential of a pond fauna is probably the most promi- 
nent single characteristic of that taxonomically diverse population. The 
reproductive potential is very high and particularly so in the faunas of 
temporary ponds. The speed with which suddenly restored temporary 
ponds are rcpopulatcd is, in part at least, an expression of this high repro- 
ductive potential. 

Chapman also pointed out that small environments, especially tran- 
sient ones, offer great resistance to the biota. Such factors as tempera- 
ture, spacial demands, silt, availability of the ne(;essary gaseous content, 
<!ompetition forfood, enemies, accumulations of an organism's own wastes, 
and other similar features become particularly severe in the restricted 
volume of water in a pond, resulting in the keenest competitions and 
struggles for existence. 
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BOG LAKES 

Bogs are best developed in the north temperate, glaciated regions where 
precipitation is abundant throughout the year, atmospheric humidity is 
great, soil temperatures are rather low, evaporation is reduced, run-oflf 
water is minimized, and abundant growths of plants are possible. They 
have long been studied by botanists and others, and an extensive litera- 
ture exists. In the past, research on bogs dealt largely with such features 
as peat and its origin, bog plants and bog-plant succession, geological 
history of basin (when a basin is involved), methods of filling and the 
different kinds of deposits, character of the water in the surface mats and 
in the deposits, and so on. Considerable attention has been given to the 
study of the fossil pollen and other plant remains in the various strata of 
the bog deposits and their significance in the history of bog formation. 
Thus research has been conc^erned almost entirely with the bog mat to the 
neglect, largely, of tlie limnology of the open water. 

Unfortunately, there exists a considerable dilTereiice in the use of the 
term bog and certain other terms which are, to some extent, equivalent 
(swamp, moor, fen, and others). The writer chooses to use the term bog 
to include those situations in which (1) the water manifests different 
reactions (acid to alkaline) in different areas; (2) a marginal, semifloating 
mat often exists (or may have existed at some time), composed of an 
aggregation of characteristic plants; and (3) deposits of peat are invariably 
present. In European literature, the term moor is used extensively to 
designate V)Ogs. For a discussion of this subject and citations to the 
literature, sec Gates (1942). 

Of the many classifications of bogs which have been proposed, the 
fundamental analyses by Davis (1907) of the various types of Michigan 
bogs have a general usefulness. They are given below in slightly modified 
form. 

Peat Deposits Classified According to the Form op the Land Surface ttpon 
Which They Have JJben Kstablishbd 

I. Depressed surfaces or hollows: 

A. Lake basins of the tarn typo. 

B. Shallow lake basins of the ordinary type. 

C. Hollows not permanently filled with water. 

D. Hollows in sand dunes. 

E. Hollows formed by dams of various sorts. 
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II. Surfaces not hollowed out: 

A, Poorly drained till plains. 

B, Broad divides. 

C, Floors of glacial drainage valleys. 

D. Lake and stream terraces. 

E. Deltas of streams. 

F. Slopes over which seepage spring waters flow. 

0, Northern bogs in which peat forms on slopes (‘^climbing bogs”) ; often referred 
to as raised bogs. 

Peat Deposits Classified on Basis of Method nr Which Deposit Was 

Developed 

I. Those built up by successive generations of plants, starting from what is now 
the bottom of the peat. 

TI. Those which have been formed by growth at the sides or at the top of the basin 
or both : 

A. Inwash of dead and decaying vegetation from the shores into the deeper 
parts of the lake basin. 

B. Drifting of such materials from tributary streams, 

C. Vegetation may grow out from shores to form floating mats, which ultimately 
cover entire water surface. 

£). Floating, rootless plants which may develop abundantly at or near water 
surface. 


Peat Deposits Classified .^ccordino to Surface Veuetation 

I. Elm and blacrk-ash swamps. 

II. Tamarack swamps and bogs. 

III. Cedar (arbor vitae) swamps or hogs. 

IV. Spruce swamps or bogs. 

V. Willow and alder swamps. 

VI. Heath (blueberry, cranberry, and ChaniaedaphmO swamps, marshes, or 
bogs. 

VII. Grass and sedge marshes and bogs. 

VITI. Rush marshes (cat-tail and bulrush marshes). 

IX. Moss bogs (including sphagnum bogs). 

A discussion of bogs from the geological and botanical standpoints 
cannot be attempted here. The reader is referred to the works of Davis 
Vl907), Nichols (1915, 1919), Rigg (1910, 1925, 1920, 1940), Dachnowski- 
Htokes (1933), Auer (1933), Gates (1942), and others for information on 
American bogs. For European bogs, see Rigg (1920) and Harnish (1929). 

DEFINITION OF BOG LAKES 

Except in the final stages of senescence, water is4i prominent feature of 
all true bogs. In a very rough way, bogs may be divided into two groups 
with respect to the nature of the water distribution: (1) those which have 
an area of open water (lake or pool) surrounded wholly or in part by 
water-soaked bog margins or mats and (2) those which have no area of 
open water but which hold generous quantities of water in the mats of 
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vegetation and the bog deposits. While the latter contain much of 
interest for the limnologist, space limitations require that the discussion 
be largely restricted to the type with open water. Also, the discussion 
will deal largely with the bog lakes of the Great Lakes region. 

A typical hog lake is here defined as an area of open water, commonly 
surrounded, either wholly or in part, by true bog margins; possessing 
peat deposits about the margins or in the bottom or both; usually with a 
false bottom composed largely of very finely divided, flocculent, vegetable 
matter; containing considerable amounts of colloidal materials; and so 
constituted genetically that in time it may bec.ome completely occupied 
by bog vegetation. Owing to differences in degree of development or to 
certain special circumstances, bog lakes do not always possess all of these 
characteristics at all times during their history. For example, a bog lake 
may have once possessed a narrow marginal mat and accompanying 
marginal peat deposits, but failure of the mat to keep pace with rapidly 
falling water level may have led to the complete separation of water and 
mat, with subsequent disappearance of the latter. Bog lakes are also 
known in which no marginal mat has been formed and in which the peat 
deposits have originated from the remains of the submerged, rooted 
aquatic vegetation within t/he lake itself. Other forms of deviation from 
the typical condition described above occur. However, in every instance, 
a deposit of peat is present. 

Bog lakes of the Great Lakes region are usually small in area, seldom 
exceeding two miles in maximum dimension. Often, the areas of open 
water are only of the magnitude of ponds. In this discussion, no attempt 
is made to establish size groups, but bodies of water of every size are here 
included under the general designation of bog lakes. Tn these lakes, the 
peat deposits or the typical bog vegetation or both control the character 
of the open water. They may be almost completely seale^d off from sur- 
rounding ground wat er so that but little mineral or other matt er is brought 
into thorn from outside. Many lakes of large area having bog-margined 
bays or limited expanses of boggy, protected shores do not qualify as bog 
lakes, for the reason that the bog influence on the total volume of open 
water is negligible. Clertain extensive regions about the Great Lakes 
teem with bog lakes representing all of the various stages in their develop- 
ment and senescence. Bog margins vary from a mere fringe about the 
periphery of an original basin to those extensive mats which have 
encToached upon the waiter to such an extent that their area now greatly 
exceeds that of the open water. Final stages of complete closing over of 
the open water and the gradual grounding of the entire mat are not 
diffi(;ult to find. Advancing (lakeward) margins of the bog mat usually 
float on the water and are very treacherous. Shoreward, the mat 
becomes increasingly firm and compact. 
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Floral composition of the mat varies in different bog lakes, depending 
upon the type of bog, the stage of ecological succession, and certain other 
circumstances. A common condition is one sometimes referred to as a 
sphagnum mat in which sphagnum growths are a conspicuous but not 
exclusive component of the mat, particularly in the lakeward portions. 
Further discussion is deferred to a later section (page 392). Not only 
does the bog vegetation comprise a distinct, unique assemblage, strikingly 
unlike surrounding terrestrial vegetations, but the inclosed water, both 
that of the mat and that of the lake portion, possesses characteristics 
wholly different from the waters of other kinds of lakes and swamps. 
The bog mat, especially the lakeward portions, is notable for its great 
water-holding ability; in fact, the mat may correctly be likened to a huge, 
completely water-saturated sponge. 

A common characteristic of the northern bog lakes is the development 
of a false bottom. In such lakes, the open water, often with a depth of but 
a few feet, is terminated by what appears to be a more or less continuous 
bottom. Actually, this is a false bottom through which an oar or pole 
will pass with little more resistance than that offered by the water itself, 
while a sounding lead may drop many feet below the surface of this false 
bottom before it reaches a bottom sufficiently resistant to stop its settling. 
The color of this false bottom varies in the different types of bog lakes; 
in the sphagnum-bog lakes, it is almost invariablj^ light coffee-brown, 
ft is composed, for the most part, of very finely divided material of plant 
01 ‘igin held in suspension in the water. On slight disturbance, this mate- 
rial speedily clouds the superimposed clear water in a striking way, slowly 
settling out when the water becomes (|uiet again and apparently dropping 
to the same level previously occupied. While in some bog lakes this 
false-bottom material occupies all of the space between its upper surface 
and the true bottom, in others it floats at some distance above the true 
bottom with a stratum of reasonably clear water between. What deter- 
mines its level is not definitely known. According to Needham and 
Lloyd (1930), it was long ago shown that by the addition of colloidal sub- 
stances to a vessel of water, the entire (content s of the vessel can be broken 
into strata and these strata made to circulate eacdi at its own level inde- 
pendent of the other strata; also, that settling suspended solids may be 
floated upon each stratum. On the basis of these statements, they sug- 
gest the possibility that the false bottoms of northern bog lakes are pro- 
duced by certain colloids which determine the strata upon which the 
different false-bottom materials float. That bog lakes do contain colloidal 
matters in some abundance is certain, and it may be that the hypothesis 
just stated has some foundation. 

Accumulating decomposition gases, forming in or below a false bottom, 
somet imes cause masses of it to break loose and rise t o the surface where 
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they float for a time, ultimately breaking up and settling back to former 
levels. Under some circumstances, the entire false bottom may rise to 
the surface of the water. In advanced senescent stages of a bog lake, 
continued accumulation of materials causes the false bottom to become 
increasingly firm and thick; and this process, unless antedated by a com- 
plete marginal encroachment, may lead to the ultimate extinction of the 
lake by entire grounding of the false bottom. Although exceedingly 
tenuous, the false bottom may, under some conditions, offer just enough 
consistency to serve as anchorage for certain aquatic plants, such plants 
maintaining their vertical position mainly by surface flotation of leaves 
or by the buoyant effect of the water upon submerged parts. 

PHYSICAL CONDITIONS 

Watkr Movements 

Since bog lakes are relatively small and commonly protected by sur- 
rounding hills and forests, water movements due to wind action are 
usually reduced to a minimum. Those which have inlets or outlets may 
show some flowage in a definite direction, but a great many bog lakes 
occupy undrained basins, and currents arc absent. The water of the bog 
mat is so completely pocketed that it is wholly free from consequential 
movements of any sort. 

Molar Agents 

In general, molar action in bog lakes is minimal, owing to (1) the soft, 
finely divided materials in suspension and in the false bottom; (2) the soft 
deposits at the shore line; and (3) the marginal bog- vegetation mats. 
Furthermore, in the very small lakes, size and protection provide an 
almost dead calm water. 

Temperature 

Temperatures of the open water show no features significantly different 
from other lakes of similar area and depth. In those having suflScient 
depth, a typical thermal stratification occurs; in others, temporary stratifi- 
cation may appear. In small sphagnum bog lakes, temperatures at the 
various depths may differ during one season, while at the same time in a 
succeeding year they may be almost uniform from surface down to the 
vicinity of the false bottom. While surface temperatures of the smaller 
lakes tend to be somewhat higher than those of larger lakes, the differences 
do not appear to be important. Lakes having large areas and very shal- 
low depths show a daily variation greater than the deeper ones. It has 
been reported that in European moor waters the temperatures are aston- 
ishingly variable, often as great as 32®C. during a single day. No such 
variations have been found in northern bog lakes by the author or his 
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associates; in fact, diurnal variations in temperature have not been found 
to be particularly different from those of other forms of standing water 
similar in location and morphology. 

Turbidity 

In smaller bog lakes which maintain a condition of almost complete 
calm, the water is usually very clear, the very slight turbidity being dut) 
to plankton and to a small amount of finely divided peaty matter which is 
essentially nonsettling. Those large enough to have periods of wind dis- 
turbance may, at such times, have high turbidity due to the extreme ease 
with which materials of the false bottom rise into the superimposed water. 
Turbidity due to living plankton seems never to be more than moderate, 
since plankton production in these lakes is seldom if ever high. 

Color 

Typical bog-lake water is usually characterized by a distinct brown 
color often described as tea color or very dilute colTce color. It is some- 
times referred to as stained water. This color is due to substances con- 
tributed by the peat deposits of the bottom and margins. Until some- 
what recently, it was supposed that these color-producing substances were 
in the nature of true dissolved materials extracted from the peat deposits 
and associated vegetation. Gorham (unpublished) and others have 
found that when such waters are put through an ultrafilter, the color is 
removed, and the filtrate is as clear as distilled water, indicating that this 
coloring material is in a colloidal state and not in true solution. 

Light 

In smaller, quieter bog lakes, the clear water above the false bottom, as 
a rule, is well illuminated. Periods of very high turbidity, when they 
occur, interfere seriously with light penetration. It has already been 
pointed out (page 80) that in lakes containing heavily stained water, 
very little radiation of wave lengths less than 6000 A. occurs at depths 
below I m. The blue is negligible. The green and the adjacent region 
of the yellow are very small in amount and disappear rapidly with increas- 
ing depth. The striking feature is that the red may equal or exceed all 
other radiation. 


CHEMICAL CONDITIONS, 

Dissolved Gases 

There is a common impression that bog-lake waters are very low in 
dissolved oxygen. This may be an inference carried over from what is 
known concerning the low dissolved oxygen of the water in the sphagnum 
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mat. Also, it has been stated by certain European workers that in the 
open waters of ‘ ‘ moors, the dissolved oxygen is always low and may be 
completely absent at a depth of only a few centimeters. Such statements 
do hold for the water which saturates the floating mats; there the water 
is very commonly devoid of oxygen. But the studies made thus far by 
the writer on the open water of bog lakes in northern United States have 
failed to reveal any such general condition. It is true that, on corre- 
sponding dates and at the same depth levels, bog-lake water usually shows 
a lower oxygen content than do the non hog lakes of the same region; 
nevertheless, the quantities of oxygen arc usually not near disappearance. 
Values of 2.5 to G cc. per 1. are common for the surface waters, and even 
higher contents have been found. Oxygen pulses are known to occur in 
some bog lakes. When depths are sufficient to provide thermal stratifica- 
tion, dissolved oxygen disappears in the hypolimnion in the usual manner. 

The free carbon dioxide content seems to vary greatly in different bog 
lakes. In some, the content appears to be relatively small at all times in 
spite of the fact that considerable decomposition is going on constantly 
both in the mat and in the bottom. In others, sizable quantities have 
been reported and free carbon dioxide pulses have been described. Very 
little is known concerning the other decomposition gases as they occur in 
American bog lakes. That they arc present; is certain, since often great 
quantities of gas, much of which is methane, can be dislodged from the 
bottom materials by the mere insertion of an oar. It is likely that they 
are similar in quality to those developed in other kinds of waters. 

Dissolved Solids 

So few^ chemical analyses of the dissolved solids in bog lakes arc avail- 
able that general discussion is difficult. Those w^hich have been made in 
Europe (see Ilarnish, 1929, for summary and references) are largely con- 
cerned with Hochmoor and other moor waters, and it is not yet certain 
how nearly or remotely those w%atcrs resemble bog lakes in North America. 
The following mineral analysis (Table 47), made for Jewell and Brown 
(1929) by the Illinois State Water Survey laboratory, is probably one of 
the most complet e. 

It will be noticed in this analysis that the amounts of dissolved matter 
are very small; also, that these waters are very soft. 

Gorham (unpublished) made quantitative determinations of ferrous 
and ferric iron in six northern Michigan bog lakes and found only small 
quantities in any of them (0.25 to 1.5 p.p.m.). Bog waters having high 
iron content have been reported both in this country (New Jersey) and in 
Europe (Kussia). Apparently, bog waters differ widely in iron content. 

The statement is commonly made in discussions of bog waters that they 
are poor in available nitrogen, and analyses seem to confirm it. In Table 
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47, the small quantities of ammonia and nitrate are evident. In some 
bogs, nitrates have been reported as totally absent. Evidences from 
other researches show that extractives from marsh and peat materials 
contain relatively small amounts of nitrogen. During the summer, strata 

Table 47. Analysis op Water op Two Bog Lakes, Cheboygan County, 

Michigan 

All results expressed in p.p.m. 

From JewcU and Brown (1929) 


Constituents 

Vincent Lake 

Penny Lake 

Iron, Fe 

0.2 

0.2 

Manganese, Mn 

0.0 

0.0 

Silica, Si 02 

1.2 

1.8 

Nonvolatile 

0.4 

0.3 

Alumina, AlaOs 

0.0 

0.6 

Calcium, Ca 

1.1 

1.7 

Magnesium, Mg 

1.8 

1.5 

Ammonia, NH 4 

0.1 

0.6 

Potassium, K 

1.9 

2.2 

Sodium, Na 

2.4 

2.5 

Sulfate, SO 4 

0.0 

5.0 

Nitrate, NO* 

1.8 

0.7 

Chloride, Cl 

2.0 

2.0 

Alkalinity as CaCOs, methyl orange. . 

10.0 

8.0 

Residue 

26,0 

30.0 


Hypothetical combinations of the ions given above 


Potassium nitrate, KNOa 

2.9 

1.1 

Potassium chloride, KCl 

1.6 

3.3 

Sodium chloride, NaCl 

2.0 

0.7 

Sodium sulfate, Na 2 S 04 

0.9 

7.0 

Sodium carbonate, Na 2 (X )8 

3 0 


Ammonium carbonate, (NH 4 ) 2 C 03 . . 

0.4 

1.3 

Magnesium carbonate, MgCOa 

6.2 

5.2 

Calcium carbonate, CaCOa 

2.7 

4.3 

Iron oxide, FeaOa 

0.3 

0.3 

Silica, Si02 

1.2 

1.8 

Nonvolatile 

0,4 

0.3 

Alumina, AUOa 

0.0 

0.6 

Ammonium sulfate, (NH 4 ) 2 SO 4 

20.0 

0.4 


of water nearer the bottom may show an increase of organic nitrogen over 
the surface waters, although the amounts in both instances are likely to 
be low. 

Birge and Juday (1927) report that in certain Wisconsin bog lakes, the 
organic carbon comes, in large part, from sources outside the lake; that 
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the organic carbon is relatively high, exceeding 10 mg. per 1. of water and 
being eighteen to twenty-seven times the amount of nitrogen present. 
They also found that in bog lakes having a carbon-nitrogen ratio (C/N) 
of 25 or more, there was a content of about 11 per cent crude protein. 
The same investigators (1931) found very small amounts of phosphorus 
in such lakes. 

Table 48 . Physical and Chemical Data from Certain Northern Michigan 
(Cheboygan and Emmet Counties) Bog Lakes 
All values from upper strata of water. Summer measurements. Areas represent 
free, open water only. Compiled from records of several summers 


Lake 

Area, 

acres 

Depth, 

ft. 

Color 

pH 

o,. 

p.p.m. 

Free 

CO 2 , 

p.p.m. 

Methyl 

orange 

alka- 

linity, 

p.p.m. 

Phenol- 

phthalein 

alkalin- 

ity, 

p.p.m. 

Oa 

con- 

sumed, 

p.p.m. 

Con- 

duc- 

tivity, 

recip- 

rocal 

meg- 

ohms 

Smith 

0.05 

2 

224 

4 3-6 8 

4.2-6 1 

8 

34 

0 

47 

45 

Bryant 

0.1 

2-3 

56-112 

4. 0-6.0 

1 6-12 

0 6 24 

2-12 

0 

32 

10-22 

Livingstone . . 

0,4 

4 

102 

4 2-6.4 

3.2-9 2 

6- 9 

2-18 1 

0 


16-23 

Penny .... 

1 

1-2 

96-192 

4 8-5 2 

6 1-8 2 

4-7 

6 20 

0 


23-60 

Nieliols 

1.5 

3 

! 152 

4.6-6 1 

4 4-4.5 

7-10 

6-23 

0 

44 

65-90 

W^est 

6 

2 

51 

6 0-6 3 

6. 3 6 4 

5 6 

0-12 

0 


36-176 

Maloney 

10 

2 

76 

5 7 -6 2 

1 4-7.9* 

1-7 

7-25 

0 

31 

27-50 

East . 

20 

3 

40 

6 3 6 8 

4 8-8.1 

13 

8-24 

0 

33 

40-86 

Mud 

25 

1—3 

28-102 

6.5-9 0 

6 5 10 

1-13 

20-138 

0 3 

46 

8-160 

Vincent 

30 

20 

27-31 

4.2-7 8 

4 5 6 4 

0-3 

1-11 

0 

29 

18-40 

Lancaster . . . 

62 

58 

78-83 

7 6-8 3 

7 1 

0-7 

[154-171 

8 10 


240-275 

Munro 

514 

13 

20 

7 8-8 5 

5 3-6.4 

n 3 8 5 

97-125 

4-13 


175 190 


Hydrogen-ion Concentration 

In the past, bog waters were considered to be always strongly acid in 
their reaction, owing to the accumulation of that group of substances 
often referred to as humic acids. While it is true that many bog lakes 
have an acid rea(;tion, true bog lakes are now known in which the reac- 
tions arc strongly basic. In fact, bog lakes at large show reactions which 
cover much of the whole known range of hydrogen-ion concentrations for 
natural, uncontaminated waters. Reference (pages 118-122) has already 
been made to certain features of the pH of bog lakes, and those pages 
should be consulted again in this connection. 

The source of the acidity, when it occurs, is still incompletely under- 
stood, although various theories have been advanced. In many bog 
lakes, pH does not change on aeration of the sample, indicating that the 
acidity is not due to the presence of free carbon dioxide. Jewell and 
Brown (1929) showed that the acidity of certain northern Michigan bog 
lakes was not due either to the free carbon dioxide or to mineral acids and 
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decided that the source was organic acids produced in the bog margins. 
Gorham (unpublished) made the interesting discovery that when the bog 
waters which he studied were put through an ultrafilter, the filtrate lost 
its acidity or its basic reaction, respectively, and became essentially 
neutral. When the filtered material was dried and then returned to the 
same quantity of neutral water, the original reaction was restored. 
Incineration of the filtered matter showed it to be of an organic nature. 
Jewell and Brown attributed the acidity to organic acids produced in bog 
margins and carried into the lake by seepage; in the alkaline bog lakes, 
however, they believe that the alkalinity is due to other causes, such as 
the inflow of already alkaline water through tributaries without traversing 
an acid-producing part of the bog margin. Gessner (1929) postulated the 
origin of bog lake -water reaction in the bottom materials. Gorham 
(unpublished) presents evidence to show that in the bog lakes which he 
studied, the colloidal matter producing the reaction, basic or acid, arises 
from, the bottom deposits and that organic acids from old, outlying peat 
deposits are not carried into the lakes. Therefore basic bog lakes which 
are surrounded by extensive acid margins, and which have no tributaries, 
can thus be accounted for. That the materials composing the false 
bottom in various bog lakes differ strikingly in color, texture, qualitative 
composition, origin, reaction, and other features can be easily demon- 
strated. Since the water of the lake is in immediate contact with these 
bottom deposits, the relations between water and bottom are such that 
the former may be effectively conditioned by the latter. 

While the essential causal distinctions between the acid and the alkaline 
bog-lake waters are still vague, there seems to be good evidence that the 
chemical composition of a peat deposit depends not upon the region, 
topography, and history of the bog but upon the nature and chemical 
composition of the vegetation from which the deposit originated and upon 
the conditions under which the decomposition has been effected (Waks- 
man and Stephens, 1929). This may explain why in the bottom deposits 
derived from bog mat sources the reaction of the water is strongly acid; 
whereas in the sedge, forest, and sedimentary peat deposits the reactions 
are of a totally different sort, often, and perhaps usually, alkaline. 

Seasonal variation of pH in bog lakes seems to be a common phenom- 
enon, but too little is yet known concerning it to make any generalization 
possible. Some bog lakes may manifest a definite, progressive, seasonal 
change during one year, then maintain a virtual /Uniformity of reaction 
throughout the open season during the succeeding year. Seasonal 
changes are sometimes of considerable magnitude. In some instances, 
it has been supposed that seasonal changes were the result of falling water 
levels during the summer, but these relations have not yet been satis- 
factorily demonstrated. Irregular and abrupt changes may also occur. 
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the nature of which is little understood. Some bog-lake waters contain 
so little dissolved matter that they have very low buffer action and are 
therefore subject to easy changes of reaction. It seems likely that this is 
a common and widespread character of such waters. Sudden rains, for 
example, are known to produce abrupt, temporary alterations in pH in 
certain bog lakes. 

Electrolytes 

Much is yet to be learned about the electrical conductivity of bog-lake 
waters. Some indication of the values to be expected appears in Table 
48. Striking variations may occur in the same lake. Apparently very 
low values are common. 

BIOLOGICAL CONDITIONS 

Biologically, a bog lake differs in many respects from other lakes, these 
differences relating to both their plant and their animal populations. 
While bog lakes are of different types, depending upon such features as 
vegetational composition of the bog margin, origin and nature of the 
false bottom, and stage in ecological succession, most of them have certain 
general features in common, of which the following are prominent: (1) 
absence, or poor development, of a bottom fauna; (2) a marginal flora 
peculiar to such situations; (3) partial decomposition of plant remains to 
form peat; (4) definite qualitative zonation of the vegetation forming the 
marginal mats; and (5) generally low biological productivity. 

Plant Growths 

The flora may be divided into two groups, viz., (1) those plants which 
compose a portion of the margin or mat and (2) those wliich grow in the 
open water of the lake. 

For a detailed account of the vegetational features of marginal mats, 
the reader is referred to various botanical treatises (sec Gates, 1942) on 
this subject. For present purposes, the essential facts are somewhat as 
follows: The quaking and partially floating mats which characterize the 
partly or wholly surrounded bog lakes are built up largely by the grasslike 
sedge Carex lasiocarpaj the low evergreen shrub Chamaedaphne calyculatay 
and various species of sphagnum moss. In the formation of some mats, 
the sedge is the important pioneer; in others, the shrub plays the initial 
part. In both instances, the plants grow out into the open lake water in 
the form of a loose tangle which floats on the surface like a raft. In some 
regions, certain shrubs belonging to the genus Decodon are the principal 
pioneers of the mat formation. The sphagnum plays a subordinate part 
in the formation of sedge mats. Often it is absent. It is especially 
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important in mats, where it establishes itself on the framework of 
branches, spreading throughout the whole mass and binding it together. 
The surface vegetation on the mat is notable, among other things, for the 
dominance of xerophytic shrubs and the presence of such bizarre forms as 
the pitcher plant and the sundew. Sphagnum is often very abundant, 
and this explains why the term sphagnum hog is so often used. 

Below this mat of densely massed, living plants is the bed of brownish 
peat. Beneath the lakeward margin of the mat, the water extends back 
for some distance, making that portion floating, shaky, and treacherous. 

In some bog lakes, a very few plants, such as the water lilies, certain 
pond weeds, and others, manage to secure the necessary anchorage in the 
tenuous false bottom. When the false bottom rises to within a few feet 
of the surface, certain very attenuated plants (e.g., Sdrpus subterminalis) 
may find their remarkably slight anchorage requirements fulfilled on its 
upper surface. The phytoplankton will be discussed in a subsequent sec- 
tion. Filamentous Algae and certain floating plants {IJllricularia) are 
often common about the periphery of the open water. 

Plankton 

Statements are (common in the literature to the effect that bog lakes 
are very poor in plankton. Such statements have been largely based 
upon European bogs (sec llarnish, 1929, for summary and literature 
citations). The following discussion is based largely upon the pre- 
liminary work of Gorham (unpublished) and subsequent work of the 
writer on northern Michigan bog lakes. This work dealt wholly with 
the summer net plankton. The nannoplankton is as yet virtually unin- 
vestigated, and very little is known about it in the similar waters of 
Europe. It must therefore be understood that the following statements 
hold only for the net plankton; also, that, at best, these statements are 
tentative and probably will receive some modifications when more infor- 
mation is available. 

0\v'ing to the relatively small size of many bog lakes, the nature of 
overgrowing mats, the common proximity of the false bottom to the sur- 
face, and certain other circumstances, it is often necessary to distinguish 
carefully between the true plankters and those other microorganisms 
which may be taken in plankton collections. In fact, such plankton 
collections may contain representatives of three groups, viz., (1) euplank-- 
tors, (2) facultative plankters, and (3) tyckoplankt^rs (forms originating 
from the bottom or the margins; do not multiply in the plankton proper). 

Qualitative Features. From the qualitative standpoint, the bog lakes 
of the Great Lakes I’ogion seem to manifest the following general charac- 
teristics: (1) As compared with other kinds of lakes, bog-lake plankton 
may be somewhat restricted in the number of species present. However, 
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this reduction in the number of species is not as great as statements in the 
older literature seem to imply. In each of certain northern Michigan bog 
lakes, more than 130 plankters have been identified. (2) With the 
exception of thedesmids and a few other Algae, there is a striking diversity 
of genera compared with the number of species; i.e., there are very few 
species in any one genus. (3) There is a striking preponderance of phyto- 
plankters over zooplankters. 

Qualitatively, the phytoplankton shows the following features: (1) 
There is a marked preponderance of desmids. (2) The number of diatom 
spe(;ies, as compared with other waters, is very small. (3) Most of the 
genera of fresh-water dinoflagellates (if they be listed with the Algae) 
known for central North America arc represented. (4) The Chloro- 
phyceac predominate in the number of species, with Myxophyceae occupy- 
ing second place. 

Qualitatively, the zooplankton shows the following features: (1) 
Rotifers are the greatest contributors to the plankton. (2) The Copepoda 
are greatly reduced in species, there being only about six species in all of 
the bog lakes examined in northern Michigan. (3) Among the Protozoa, 
the Sarcodina seem to predominate. 

Cosmopolitanism. Since limnological conditions in hog lakes outside 
this country and Europe have been studied but little, it is evident that 
North American bog-lake plankton can, at present, he compared only 
with that of the European bog lakes. Lack of sufficient data makes even 
that comparison unsatisfactory. It has already been pointed out (page 
227) that cosmopolitanism is characteristic of many fresh-water plankters. 
The Desmidaceae constitute the only group which manifests any out- 
standing evideiKje of endemism. It might, therefore, be expected that 
bog-lake plankton would contain at least some species common to such 
situations in other continents. As a matter of fact, many phytoplaiikters 
of northern Michigan bog lakes have been reported from similar European 
bog lakes, while all of the rotifers except one listed by Harnish (1929) as 
characteristic of European bog (moor) lakes are known to occur in Michi- 
gan bog lakes. The same is virtually true of the plankton C^rustacca. 
Both European and American bog lakes are as yet too little known to 
make possible any satisfactory 'statement as to the completeness of their 
plankton similarity, but it is probable that the resemblance in this 
respect may be even greater than the present records indicate. 

Plankton Similarities in Different Bog-lake Types. In spite of the 
fact that bog lakes may differ markedly in certain physicochemical 
respects, some plankters seem to be common to all of them. In northern 
Michigan bog lakes, for example, more than 100 species occur in two or 
more of four different types of bog lakes, and about 20 or more of these 
organisms are present in all types (acid to alkaline). In the latter 
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instances, the wide differences in hydrogen-ion concentration do not 
exclude these highly tolerant species. 

Nature of Bog-lake Plankton. With the possible exception of certain 
desmids and some closely allied Algae, few of the species represented in 
bog-lake plankton seem to be confined exclusively to the open water of 
bog lakes. On the other hand, available evidence suggests that many 
(possibly most) of the plankters of bog lakes occur in other waters of the 
same general region. It is possible that bog-lake plankton is a selection 
biota, i.e., an assemblage composed of those organisms, out of larger and 
much more widely distributed population, which can withstand the severe 
conditions of bog waters. It has been contended (Gorham, unpublished; 
Wesenberg-Lund, 1930) that only cosmopolitan relict and outstandingly 
resistant forms can withstand such conditions; and that it is the absence 
of many different species rather than the presence of a certain few species 
which constitutes the peculiar feature of bog-lake plankton. 

Quantitative Features. Because of physicochemical diversity of bog 
lakes and the relatively small amount of work which has been done on 
bog-lake plankton, it is difficult to generalize on the quantitative features. 
The writer^s studies indicate that the net plankton of Michigan bog lakes 
seems to have the following quantitative characters common to all such 
waters: (1) common preponderance of phytoplankton at least during 
certain seasons, (2) low quantity of zooplankton, (3) numerical dominance 
of rotifers in the zooplankton, (4) very small (quantities of Cladocera and 
Copepoda, and (5) quantitatively reduced total net plankton. It should 
be noted that the statements just made are based upon net plankton only. 
The nannoplankton is so little known that no statements concerning total 
plankton are possible. 

While it seems to be true generally that (quantitatively the total plank- 
ton of bog lakes is quite restricted, nevertheless a differential abundance is 
sometimes striking. For example, Vimjent Lake (see page 390), summer 
of 1936, maintained a Stauraslrum spp. population of 200,000 to 458,500 
individuals per liter of lake water, a number which vastly exceeded the 
total of all other net plankters. Mimro Lake (see page 390), summer of 
1932, maintained a Microcystis spp. population of 15,750 to 20,200 indi- 
viduals per liter of lake water, also a number greatly in excess of all other 
net plankters present at the same time. The occurrence of greatly 
dominating quantities of some one plankter or group of plankters is 
apparently not uncommon in bog lakes although ^he numbers involved 
are often smaller than those just mentioned. 

Seasonal Distribution. No adequate studies of plankton in American 
bog lakes have extended throughout the year. Winter conditions are 
almost unknown; therefore, little can be stated concerning seasonal 
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successions. Preliminary evidence indicates that many if not all of the 
plankters have their individual seasonal cycles of rise and fall; of appear- 
ance and fading. Work done in Europe points to a definite spring and 
autumn maxima for certain boglake plankters. In some of the bog lakes 
of the Great Lakes region, there appears a falling off of plankton produc- 
tion during summer with signs of a recovery in autumn. 

Faunal Characteristics 

Very few faunal surveys of American bog lakes have been made. 
Therefore, only generalizations of a tentative nature are possible at 
present. Since the conditions and biota of the marginal mat are so 
different from those of the open water, the two must be carefully dis- 
tinguished. Unfortunately, discussions in the literature often inter- 
mingle them in such a way as to make the proper separation very difficult. 
The following statements apply only to the fauna of the open water. 

1. Bog lakes support a faima characterized by a limited variety of 
species. 

2. While differing considerably among themselves, bog lakes as a class 
are very low in faunal productivity. 

3. Small bog lakes (roughly less than 5 acres in size) which are com- 
pletely surrounded by a Carex-Chamaedaphne mat, which lack inlets or 
outlets, which are strongly acid in reaction, and which are supplied with 
bottom materials mainly from their own peat deposits usually show a 
total absence of fishes, Malacostraca, oligochactes, mollusks, Ephemerida, 
and coelenterates. Certain lakes of this type also lack sponges, nema- 
todes, and flatworms. 

4. The larger bog lakes as a class, whether acid or basic, may contain 
representatives of most of the major acjuatic groups, including those 
absent from the small “sphagnum'’ bog lakes, although any individual 
bog lake has a fauna restricted both qualitatively and quantitatively. 

5. Representatives of the Amphibia appear to be universally present as 
marginal forms. 

6. Aquatic insects representing several orders (Hemiptcra, Odonata, 
Trichoptera, Diptera, Coleoptera, and possibly others) are always present. 

7. The strongly acid waters -eliminate all Mollusca, with the possible 
exception of certain Sphaeridae which may be abundant. 

8. True benthic faunas (exclusive of the microscopic species) (a) are 
virtually absent in the small “sphagnum" bog lakes; (6) may be present 
in the larger bog lakes but restricted as to both kind and quantity. 

Mat-impounded Water 

In addition to the open water of a bog lake, the fringing mat, if present, 
also contains great quantities of impounded water. Since the mat and 
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its contained water may exert various direct and indirect influences upon 
the surrounded lake, some consideration should be given here to the 
limnological features of this situation. 

As already indicated (page 384), bog lakes in the Great Lakes region 
are commonly surrounded, wholly or in part, by marginal mats which 
vary in kind and differ in extent from mere peripheral fringes to those 
many acres in size. These mats advance upon the enclosed lakes by 
overgrowing the surface in such a way that the lakeward portions usually 
float in and on the water surface while shoreward they become increas- 
ingly firm, compact, and grounded. Because of their peculiar floral 
structure and their relation to the lakes which they surround, these mats 
usually impound, upon and within themselves, great quantities of water, 
forming a unique aquatic environment. The surface level of the lake is 
usually highest in early spring and declines gradually through the sum- 
mer and autumn. The floating portion of the mat rises and falls with 
changes in lake level (Gates, 1940; Buell and Buell, 1941), thus keeping it 
saturated with water. The size of the water-filled spaces within the mat 
depends upon exigencies of growth of the mat-forming plants. Ordi- 
narily such spaces are very small because of the closely interwoven condi- 
tion of the mat-forming materials. 

Except for a narrow zone at the mat-lake interface, mat-impounded 
water is completely immobilized. Molar action is absent, turbidity very 
low, color often high, and temperature variable. Illumination diminishes 
very rapidly with increasing depth in the mat. C'hemical features of mat- 
impounded water vary considerably, depending upon the composition of 
the mat. In typical ^'sphagnum” mats (Welch, 1945), the following 
chemical features are likely to prevail: pH, on acid side; dissolved oxygen, 
very low, in thin uppermost layer, absent in lower strata; free carbon 
dioxide, present, variable; methyl orange alkalinity, none or only mere 
trace; conductivity, variable and low. 

I'he water-filled interstices of a bog mat support a diversified and often 
abundant biota. All components of this population are microscopic or 
semimicroscopic in size and truly aquatic in habit. The composition 
diflers in various kinds of mats. In a typical sphagnum mat, the follow- 
ing principal elements usually occur: Algae — diversified; often abundant; 
desmids common. Protozoa — common and diversified; Sarcodina pre- 
dominate. Rotatoria — common to abundant; many species representing 
wide variety of genera may be dominant element ;n fauna. Other ani- 
mals — scattered representatives such as Gastrotricha, Tardigrada, and 
Nematoda; more or less rare. 

The size of the interstices in mats constitutes a distinct limiting condi- 
tion, Irwin (1942) found these interstices too small to meet the space 
requirements of mosquito larvae. A few representatives of Cladocera 
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and Copepoda live in small pools of free water on top of the mat in spring 
or early summer but do not occur (Welch, 1945) in the tiny spaces within 
the mat. 

Very little is known concerning seasonal relations of the mat biota. 
In early spring when conditions of very high water in the lake lead to 
partial inundation of portions of the mat, temporary pools may develop 
on top of it and become inhabited by various larger animals, as, for 
example, mosquito larvae, but when later these pools are eliminated by 
declining water level, such animals disappear. Nothing seems to be 
known concerning the elTects of winter upon the mat-inhabiting organisms. 

Genp:ral Kcouogical Succession 

In the Great Lakes region, the innumerable bog lakes occupy basins 
formed almost exclusively by glacial action. At the outset, these basins 
contained no bottom deposits save for whatever ice-borne sediments may 
have been deposited when the glacial ice molted. The original lake 
therefore filled the entire basin, probably to a higher level than now, 
and contained no peat deposits. Subsccpicntly, (;haracteristic bog vege- 
tation became established along the shore line. The conditions which 
initiated bog formation in a basin have been matters of considerable 
speculation, and various causes have been postulated (Rigg, 191C, 1925; 
and others) none of which is yet definitely established. 

An understanding of the past history of a bog lake, particularly one 
with a well-developed marginal mat and peat deposits, may be secured by 
the use of two difTercmt methods, either singly or in combination, viz., (1) 
a survey of the horizontal zonation of the different plant communities as 
they succeed one another from the free-floating margin of the mat to the 
outermost rim of the original basin; and (2) analyses of vertical sections 
of the total bottom deposits from the present surface to the bottom of the 
original basin and taken at various positions from the edge of the mat to 
the original shore line. These methods will be discussed in the order 
mentioned. 

One of the most conspicuous floral features of a well-developed bog 
lake, particularly a “sphagnum*^ bog lake, is the definite, approximately 
concentric zonation of the plant communities, each community having 
different, characteristic plant components. In a typical case, starting 
from the open lake and proceeding landward, the following sequence of 
plant communities occurs: (1) In the open water and rooted to the bottom 
are (a) submerged aquati(?s — in particular, certain species of Potamogeton; 
(6) aquatics with floating leaves, such as Nymphaea and Nuphar. (2) 
Occupying the lakeward border of the mat are (a) sedges, chiefly Carex 
lasiocarpa; or (b) the low shrub Chamaedaphne^ growing intermingled 
with sphagnum moss; or (c) a mixture of sedges, Chamaedaphne, and 
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sphagnum moss; followed to the landward by (d) tall shrubs, such as 
Nemopanthus; and, finally, (e) black spruce and other bog trees in increas- 
ing abundance toward the outer margin, l^hese communities, while in 
general quite distinct, commonly intermingle in different degrees and in 
various ways; also, certain trees (tamarack, spruce, and others) may 
invade the more solid portions of the mat. Plant ecologists who have 
made analyses of northern bogs recognize the various communities as 
different associations. Figure 47 shows in abbreviated form the usual 


Bofr lake 

1 

Potamogetan association 

1 

Castalia-Nymphaea association 

1 

Carex lasiocarpa association 

1 

Chanmexlaphne association 
\ 

\ 

High bog-shrub 
association 


Larix association 


Picea association 


Thuja association 

Fig. 47. Diagram showiiiK the usual suceessional relationships between plant associations 
in bogs in the region about Douglas Ijake, Mirliiguii. (From Gales, 1926.) 


successional relationships between plant associations in bogs in northern 
Michigan. A more detailed diagram appears in a later paper by Gates 
(1942). 

It is usually considered that the conditions described above have come 
about in the following manner: The open-water associations are not 
restricted to bog lakes but may be expected in virtually all kinds of lakes 
and doubtless oc.c.urred in the shoal waters of these lakes before they 
possessed any bog margins. Subsequently, howqver, a mat-forming 
association developed at the water’s edge and, as time went on, these 
mat-forming plants (1) slowly began to advance on to the surface of the 
water to form the beginnings of the floating mat and (2) began to deposit 
peat in the water below. Continued extension of the mat over the open 
water (a) pushed the open-water associations farther and farther into the 
lake, (6) was accompanied by a gradual grounding of the shoreward por- 
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tion of the mat, and (cj allowed succeeding associations of bog plants to 
come in behind in their proper sequence. This process continued, ulti- 
mately forming a mature bog condition in which the various associations 
are represented in a concentric series and in which many of the older por- 
tions of the mat have become firm (completely grounded) and invaded, 
to some extent, by upland plants at the original margin. A horizontal 
transect of a mature bog, from the remaining portion of the lake to the 
ancient, original shore line, thus tends to give a chronological picture of 
the history of the bog. Peat formation is an exceedingly slow process 
and has much to do with determining the rate of mat advance over the 
water, since apparently there are limitations to the amount of mat which 
can float in advance of the grounded portions. In the smaller, shallower 
basins, these events progressed with greater speed; the mat finally covered 
the last vestige of open water; filling processes finally grounded the whole 
mat; conditions became increasingly drier; the rearward associations 
encroached successively upon those in advance of them; and, at the con- 
clusion of the senescen(;e period, the bog became completely forested. In 
northern regions where bogs are prevalent, many stages in this history 
can be found at the present time, varying from young bogs to extinct, 
forested ones 

In the type of bog history described above, two processes are simul- 
taneously involved: (1) mat encroachment or marginal encroachment 
upon the water and (2) bottom encroachment due to filling of the deeper 
parts of the basin. The race between these two processes for the final 
extinction of the lake may be won by either, and occasionally both partici- 
pate in the final step of senescence. It should be noted here that instances 
are known in which the gradual extinction of the lake is virtually accom- 
plished by bottom encroachment exclusively, bog-marginal development 
either being absent or remaining at a minimum. 

In contrast to the horizontal vegetational analysis described above 
which gives something of the history of a bog lake, analyses of vertical 
borings may give evidence of a much longer succession. Borings, 
extended from the bog surface to the boltom of the original basin, make 
possible qualitative and quantitative examinations of the various deposits 
and in the chronological orderof formation. Such evidences have shown 
conclusively that some lakes now existing as bog lakes had a long history 
before any bog formation occurred. It is now known, for example, that 
some lakes passed through an initial period during which marl deposits 
were laid down over the floor of the basin; later, when the lake had 
acquired the bog characteristics, layers of peat were deposited upon the 
marl stratum. The superimposed layers of peat and associated materials 
yield interesting and important evidences of the successive changes 
through which the lake and its surroundings passed. Since a prominent 
characteristic of peat formation is partial decay, many of the materials in 
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peat strata are remarkably preserved and often can be identified with cer- 
tainty. Of recent years, much attention has been given to the analyses 
of pollen deposits in peat beds, with resulting additions to knowledge not 
only of the past history of the bogs themselves but also of the succession 
of plant communities and of events on adjacent areas. Evidently, some 
bog lakes have passed from an early, clear, alkaline, hard-water condition 
into a subsequent stained, acid, soft-water one, with profound changes in 
the flora and fauna. 

Productivity Features of Bog Lakes 

Bog lakes as a class belong to the dystrophic type already discussed in 
an earlier section (page 344). Low productivity, both qualitative and 
quantitative, is characteristic of such lakes. 

Much attention has been directed by European workers to the question 
of correlations and limiting factors, with the hope of discovering the 
influence or influencjes which determine the peculiar nature of the flora 
and fauna of bog lakes, but the various proposals must be regarded as 
tentative. Iron, phosphates, calcium, hydrogen-ion concentration, tem- 
perature, dissolved oxygen, and others have each been assigned a limiting 
role by various investigators. In his work on the macroplankton of 
northern Michigan bog lakes, Clorham (unpublished) came to the follow- 
ing conclusions, based upon the lakes which he studied: 

1. No correlation was found betw^een the macroplankton populations 
and dissolved oxygen, free carbon dioxide, hydrogen-ion concentration, 
color, or dissolved inorganic salts. 

2. Temperature w^as a factor only in limiting the Copepoda and 
( 'ladocera to northern and widespread species. 

3. Iron was present in very small amounts and did not seem to have a 
limiting effect by exerting a toxic action, as has been claimed for European 
lakes. 

4. Contrary to previous claims, hydrogen-ion concentration was not 
found to have a limiting effect, many of the organisms occurring in both 
highly acid and highly basic conditions. 

5. C^olloidal decomposition products, originating from bottom deposits, 
eliminate by toxic action certain plankters, thus qualitatively limiting the 
population. 

6. Quantitative production is limited by the small amounts of inor- 
ganic nutritive sul)stances. ^ 

Surveys of American bog lakes have not yielded enough (jualitative or 
quantitative data on the total biota to make possible any dependable 
comparisons. However, certain features seem evident; viz., (1) the 
biota is very restricted qualitatively; (2) quantitative production is 
usually low for all of the component species; and (3) food relations are 
restricted and growth rates are often slow. 
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CHAPTER XVII 

RUNNING WATERS IN GENERAL 


In an earlier section (page 13), certain general features of lotic environ- 
ments (running-water series) have been discussed. While the main por- 
tions of this book deal with many fundamental characteristics common to 
all inland waters, the main stress has been placed upon lakes and similar 
situations. Since, in the broader sense, limnology is conceived to include 
the fundamental production problems of all inland waters, standing or 
running, some consideration will now be given to the latter, although it 
must be imderstood at the outset that only general matters can be con- 
sidered here and that lotic environments will be treated as a whole. 

Streams vastly outnumber units of the standing-water series. They 
are among the most familiar, ever-present fcatur^ of all larger land areas 
save deserts and the frozen polar regions. They vary in size from the 
tiny rivulets at the innermost reaches of surface-drainage systems to 
mighty rivers, such as the Mississippi. They are more numerous in 
regions of abundant rainfall. Many are intermittent; many are perma- 
nent. It has been estimated that streams deliver about 6,500 cu. miles 
of water to the sea annually, an uncertain value, but it is clear that the 
total water capacity of stream systems of the earth is very great. Accord- 
ing to Brown (1944), there is an average of 438 miles of permanent stream 
for each county in the state of Michigan and a grand total of 36,350 miles 
of permanent stream for the entire state. These figures do not include 
the vast mileage of small intermittent network at the heads of various 
drainage systems. 

Investigation of the running-water series, particularly from the limno- 
logical standpoint, has lagged behind that of lakes. In only a few 
instances have intensive, long-time researches been conducted. In 
America, but one comprehensive study has been made, viz., that extensive 
and prolonged (over 50 years) investigation of the Illinois River carried 
on by the institution formerly known as the Illinois State Laboratory of 
Natural History, under the direction of the late S. A. Forbes. Of the 
many outstanding publications resulting from these investigations, that 
monumental work by Kofoid (1903, 1908) on the plankton of the Illinois 
River is deserving of special mention. Limited and isolated researches 
have been undertaken on a number of other American streams. Any 
general limnological account must, at the present time, merely be 
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an attempt to patch together some of the results of widely scattered 
investigations. 

Lotic environments differ from lakes and similar waters in the following 
fundamental respects: 

1. Depth, As a rule, the depths of all running- water units are small 
compared to lakes. 

2. Width of basin. Aside from those channel expansions sometimes 
designated as river lakes, the water is confined to a relatively narrow 
channel. 

3. Current. The whole volume of water flows in one direction. 

4. Condition of gradient from source to mouth. All (conditions, physical, 
chemical, and biological, gradually change with distance along the main 
channel and in a definite direction. 

5. Extension of channel with age. Stream systems increase their length, 
width, and depth (to base level) with increasing age. This is in distimet 
contrast to the reduction processes characteristic of all standing-water 
units. 

6. Permanent removal of eroded and transported materials. At any posi- 
tion along the course of a running-water unit, materials eroded at that 
point and all materials momentarily suspended or dissolved at that level 
are transported downstream, with no opportunity of return. In lakes, 
such materials commonly remain within the same basin. 

7. Absence of prolonged, stagnation. Constant flowage with accom- 
panying mixing of the water usually eliminates prolonged summer stagna- 
tion of the bottom waters such as occurs in the deeper waters of lakes. 
Only in int>ermittent streams w'hcn extreme fall of w^ater level converts 
the deep holes of the channel into a series of isolated ponds may any sum- 
mer stagnations occur, and then this condition can well be excluded from 
consideration, since, temporarily, running-water conditions no longer 
exist. In certain respects, the same is true whenever midwinter, ice- 
cover conditions suspend stream flowage. 

8. Relative influence of physical factors. Physical factors of the environ- 
ment are often relatively more important than they are in lentic situations. 

9. Bade food materials. Most streams manufac.ture within themselves 
little basic food materials but depend much more upon the contributions 
from the surrounding land than do most lakes. 

PHYSICAL CONDITIONS 

Water Movements 

Current in one direction only is the outstanding feature of lotic environ- 
ments. Its velocity varies with many circumstances most of w^hich are 
familiar to the reader. It attains its greatest velocity in the abrupt, 
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precipitous waterfalls and finds its minimum in those situations where for 
long distances the slope of channel becomes negligible, where stream pools 
are formed, or where the channel approaches base level. Extremes of 
current velocity may occur within a single stream or river. Some streams 
are slow and sluggish throughout their length; others are swift throughout 
their whole course. The stream systems of the plains and prairie regions 
are, for the most part, of the slow, steady type; those of the mountains 
are rapid and turbulent. Except in large, wide rivers, wave action due to 
wind effect is minimal. 



Fig. 48. Distribution of velocities of water flow in a conduit. Figure represents a cross 
section of c-onduit. Numerals indicate velocities at points where ineasuremeiits were made. 
Contours within the figure are linos of equal velocity. {From “ Hydrology'" by King, WUler, 
and Woodhurn, 1948, with pirmission of John Wiley Sons, Inc.) 


Current velocity is not uniform in all parts of the transverse section of 
a stream but is reduced at and near the surface because of surface tension 
and diminishes as the bottom and sides of the channel are approached, 
owing to frictional effects. The maximal velocity is usually found some- 
where within the first one-third of the depth. The nearest approach to 
the ideal pattern of flowage is usually found in certain artificial channels 
such as conduits. Figure 48 shows the distribution of velocities in an 
open conduit. Such uniformity of velocity distribution in natural 
streams may be expected only as a rarity; therefore such a uniformity 
must be looked upon as merely that pattern which natural streams tend 
to approach in varying degrees. 

The distribution of velocities in natural streams is determined by 
several different factors operating simultaneously, such as shape of 
channel, roughness of channel, size of channel, and slope of channel. 
The maximum velocity is usually found somewhere within the first one- 
third of the depth of the water. Its distance from the surface is dependent 
upon depth. In shallow streams the region of maximum velocity is (juite 
near the surface; in very deep streams it may be close to one-third of the 
depth. It must also be remembered that the velocity pattern of a stream 
may be altered by strong winds blowing either upstream or downstream. 
Figure 49 shows the distribution of velocities in a certain natural stream 
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and at a selected location. It is presented here for illustrative purposes 
only. The numerals within the figure and their distribution hold only 
for that position on the stream where the vertical measurements were 
made. At other positions on the same stream or on other streams, differ- 
ent values and patterns may be expected. If vertical velocities are 
plotted, the resulting curve has approximately the form of a parabola. 


Oi'sfances infeef 



Fia. 49. Distribution of velocities of water flow in a certain natural stream and at a 
selected cross section. Numerals represent velocities, ex])rossGd in feet per second, at 
points where measurements were made. Contours within the figure are lines of equal 
velocity. (From ** Hydrology*' by King, Wider, and Woodburn, 1948, with permission of 
John Wiley & Sons, Inc.) 

On occasion, liranologists may make good use of certain features of 
vertical velocity curves as worked out by hydraulic engineers and used in 
their practices. According to King, Wisler, and Woodburn (1948): 

The mean velocity in the vertical is ordinarily at 0.55 to 0.65 of the depth. 
The velocity at 0.6 depth is usually within 5 per cent of the mean velocity. . . . 
The mean of velocities at 0.2 and 0.8 depth usually gives the mean velocity in the 
vertical within 2 per cent. . . . The mean velocity in the vertical is ordinarily 
0.80 to 0.95 of the surface velocity. The smaller percentage applies to the 
shallower streams. 

Ice cover reduces the surface velocity because of the greater retarding 
effect of ice as compared with air, the average position of maximum veloc- 
ity under ice being nearer mid-depth. For very rough ice it may be 
below mid-depth (Liddell, 1927). Therefore the mean velocity in the 
vertical would not be at 0.6 depth, but it is claimed that the mean of 
velocities at 0.2 and 0.8 depth gives approximately the mean velocity 
just as for a stream without ice cover. 

For biological purposes, it is often important to know not only the cur- 
rent velocity at different depth but also the velocity variations resulting 
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from stream obstructions and bottom materials. For example, the cur- 
rent rate may vary markedly at positions on the front, top, sides, and rear 
of submerged stones; likewise, the same is true of the gaps, channels, and 
interstices between stones and similar objects. Such differences often 
determine the position of organisms. For methods of measuring water 
current in such restricted locations, the reader is referred to Welch (1948). 

Erosion, transportation, and sedimentation are inseparable accom- 
paniments of stream currents. The character and rate of erosion depend 
much upon the volume of water, velocity of current, and character of the 
channel materials. The transporting powers of running water are well 
known. Materials if not actually carried in suspension are often rolled 
downstream. It is sometimes stated that the transporting power of 
streams varies as the sixth power of their velocities; thus, even slight 
changes in current rate have important effects. 

Since current is the principal characteristic of lotic environments, it 
follows that molar agents are ever present and prominent influences, often 
creating very severe conditions. 

Temperature 

In lotic environments, temperature phenomena are, as a rule, very 
different from those in lentic situations. The principal features are: (1) 
tendency toward a uniform temperature at all depths, even in the deeper 
rivers; in many instances, the difference between the surface and bottom 
is virtually negligible; (2) tendency to follow air temperatures more 
closely than do lake waters. Small streams follow the air temperatures 
much more closely than do the large streams; (3) thermal stratification 
usually absent. Thermal stratification has been reported from certain 
regions in streams, but it is apparently not a common phenomenon. It 
is probably temporary and plays no such role as it does in lakes. 

In streams, especially those with considerable length and slow current, 
temperature variations are common. They are the result of several 
possible influences, more than one of which may be operating simul- 
taneously. Some of the principal circumstances leading to such tempera- 
ture variations are differences in (1) depth of water, (2) current velocity, 
(3) bottom materials, (4) temperature of entering tributary water, (5) 
exposure to direct sunlight, (6) degree of shading, (7) time of day. The 
writer has records of temperature differences of as much as 11®C. at 
various stations along a stream which is about 30 miles long. Entrance 
of any considerable volume of cold spring water anywhere along a stream 
will produce a local temperature deviation. In long stretches of shallow, 
unshaded, slow-moving current it is likely that appreciable gains in tem- 
perature occur during the clear days of midsummer, but the water at the 
same position may have quite a different temperature at night. 
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Turbidity 

The greatest extremes of turbidity occur in the running-water series. 
In mountain streams and others having rock beds, turbidity is minimal, 
while in some streams of the plains region of North America, such as the 
Missouri River, Kansas River, and certain of their tributaries, turbidity 
is very high. The general effects of current facilitate the production of 
turbidity, and, under circumstances essentially similar, the lotic environ- 
ments will maintain a greater turbidity than the lentic situations of the 
same region. In some stream systems, high turbidity is a permanent 
feature throughout the year; in others, it oc(;urs only at times of unusual 
precipitation. Turbidity in streams is due largely to silt, detritus, and 
other nonliving materials. Since plankton production is commonly 
restricted, it usually plays a minor role in turbidity production. Domestic 
sewage and other forms of stream pollution commonly increase turbidity, 
sometimes markedly. 

A general discussion of turbidity has already been presented (pages 87 
to 91), and many of the relations indicated there hold for streams. In 
many regions, erosion silt is the preponderant substance in the production 
of turbidity. Ellis (1930), in an extensive study of erosion silt in a large 
number of streams, found that it affects such situations principally by (1) 
screening out light, (2) changing heat radiation, (3) blanketing stream 
bottoms, and (4) retaining organic material and other substances which 
set up unfavorable conditions at the bottom. The possible influences of 
other kinds of turbidity-forming substances in streams differ according to 
their origin and their physical and chemical character. It has been 
claimed that some are directly toxic to various organisms. Effects of 
contaminations are not within the province of this discussion. 

Light 

Data on light penetration in streams are still so scattered and frag- 
mentary that an adequate discussion is scarcely possible. Without 
doubt, the most important factor in the determination of light penetra- 
tion is turbidity, the influence of which may be so great in certain waters 
as to reduce markedly the development of plants. Under conditions of 
temporary turbidity, plants and other organisms requiring considerable 
illumination may be able to withstand the greatly reduced light for a time. 

In certain turbid rivers the decrease of light by suspended silt is in 
excess of 90 per cent in the first 25 mm. of water depth. This suspended 
material serves as a screen to all wave lengths of visible light although 
very muddy waters are slightly selective in favor of the transmission of 
scarlet-orange light (Ellis, 1936), 
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CHEMICAL CONDITIONS 

Dissolved Gases 

Owing to the mechanical conditions involved in current, the dissolved 
oxygen supply of uncontaminated streams is often high at all levels, often 
well toward saturation for the existing temperature. Only in deep holes 
in slow streams, under special conditions of ice cover, or in instances of 
pollution does the dissolved oxygen supply show significant decline. 

Contrary to what appears to be the general condition, a diurnal varia- 
tion in the dissolved oxygen has been described (Butcher, Pentelow, and 
Woodley, 1930; and others) in certain European streams in which the 
oxygen content begins to increase soon after sunrise, reaches a maximum 
shortly after midday, and then declines to a minimum. This variation, 
which may extend from a considerable supersaturation to a substantial 
reduction (167 to 36 per cent in some instances), is attributed to the oxy- 
gen production by green plants during the day and to oxygen consumption 
by respiration of the biota and by decay of organic matter during both 
day and night. Obviously, such a diurnal cycle could occur only in 
streams supporting sizable crops of aquatic plants. It has usually been 
supposed that in running-water units any oxygen pulse is smoothed out 
by the current; but it is now known that, under some circumstances at 
least, some rivers maj^ show very distinct diurnal oxygen pulses, and the 
dissolved oxygen content may rise to 2(K) per cent saturation or more. 
Oxygen exhaustion at night and oxygen replacement during the day in 
plant-choked lagoons, ponds, and similar waters is well known, but the 
frequency of similar phenomena in lotic situations is yet unknown. 

Among the various factors which have to do with the quantity levels of 
dissolved oxygen in unmodified streams, it appears that ordinarily the 
most important ones are: character of stream flow, slope of channel, tem- 
perature, oxygen released by chlorophyll-bearing plants, oxygen con- 
sumed in respiration of the biota, and oxygen consumed in the decay of 
organic deposits on the bottom. 

Decomposition gases of all kinds tend to be minimal owing to the circju- 
lation elTects of the current. Only under the special stagnation condi- 
tions mentioned above would such gases become significant. 

Dissolved Solids 

/ 

The dissolved solids vary greatly, depending upon the regional charac- 
teristics of the drainage basin. In this respect, lotic and lentic environ- 
ments have few general differences; in fact, they commonly influence each 
other markedly because of the intimate way in which they may be related 
by direct connections, such as inlets and outlets. There seems to be some 
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evidence that, in general, lotic water contains more salts and less soluble 
nitrogen than lentic waters (Chapman, 1931), but there are probably 
many exceptions to this statement. There is reason to believe that flood 
waters dilute and droughts concentrate, particularly in those instances in 
which subterranean water is the more steady source of water supply, 
since subterranean waters usually contain a larger content of dissolved 
matter. The dissolved content is often subject to changes by dilution or 
addition at stream junctions. For specific data on the composition of 
many river waters of the United States, the reader is referred to the large 
work by Clarke (1924). 

Table 49. Dissolved Solids in River Waters of the United States 
Based upon many measurements. Most analyses made during 1906-1907. All 
values expressed in parts per million 
Summarized from Clarke (1924) 

Range of 
Dissolved 


Distribution of Rivers Solids 

St. Lawrence Basin 50-639 

North Atlantic Slope 14-170 

Middle Atlantic Slope 36-190 

South Atlantic Slope 52-194 

Southern Florida 38-338 

Mississippi Basin 51-2, 908 

Rivers of Texas 219-1,136 

Rio Grande Basin 52-1,023 

Colorado Basin 426-1 ,234 

Interior Basin of California 189-339^ 

South Pacific Slope 1 45- 3, 062 ‘ 

Middle Pacific Slope 42 -216' 

North Pacific Slope 30-246' 

Great Basin 63-637 

^ Expressed in original as "total solids." 


While results summarized in Table 49 are based upon a large number of 
measurements, it must be understood that the ranges given can be looked 
upon only as a general indication. Also it should be noted that the 
immense host of small streams is not included in the values. It would 
appear that the widest ranges and highest values occur in the mid- 
Continent, the low ranges and Tow maxima, on the Atlantic and Pacific 
slopes. 

The widespread prevalence of various kinds of contaminations in 
streams often presents difficulties in appraising the effects of the arti- 
ficially introduced substances. It appears that at least some of them 
produce an increase in the quantity of the dissolved solids. Without 
doubt some of the marked and abrupt changes in the dissolved solids 
which occur here and there along the courses of streams are caused by 
localized inflowing contaminations. 
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Regional differences in the load of solids in streams are common. An 
example is found when the two parts of the state of Michigan are com- 
pared. According to McNamee (1930), the range of total solids in 13 
river systems in the Upper Peninsula is 100 to 200 p.p.m.; in 29 river sys- 
tems in the Lower Peninsula, 200 to 500 p.p.m. 

Hydrogen-ion Concentration 

Aside from the relations of hydrogen-ion concentration to stagnation 
processes in standing waters, the general features of pH in lotic environ- 
ments are not different from those of lakes and similar waters. Current 
tends to keep the pH uniform over considerable distances; likewise, it 
keeps any acidity due to accumulating free carbon dioxide reduced. In 
general, it would seem that streams do not develop the more intense 
acidities, such as occur in some bog lakes, unless they are contaminated 
or receive heavy seepages from certain mineral deposits. 


Table 50. Ranges of Hyduogen-ion (/ONcentration in a Selected Series op 
Running- WATER Systems 


Streams 

pll range 

Authority 

Big Muddy River, Illinois 

5. 8-7. 3 

Jewell (1922) 

Puget Sound and Cyolumhia River drainage . 

C.5-8.5 

Shelford (1925) 

Salt Lake, Colorado, and Rio (irande drainage. 

().4-8.4 

Slielford (1925) 

Mississippi and Great T^akes drainage 

Trout streams, upper part of Lower Peninsula, 

6. 4-8. 2 

Shelford (1925) 

Michigan 

7. 1-8.2 

Creaser and Brown (1927) 

Blue River System, Nel)raska 

7.3 8.3 

Canfield and Wiebe (1931) 

Certain Ontario streams, Canada 

Inland streams of United States, Sou them 

G. 5-8.0 

Ricker (1934) 

Canada, and Northern Mexico 

G.3-9.0 

Ellis (1937) 

North Shore Watershed, Lake Superior 

6. 0-8.0 

Smith and Moyle (1944) 

New River watershed, Virginia 

G.0-8.2 

Shoup (1948) 

Surface streams of Tennessee 

3.0-8.G 

Shoup (1950) 


Big Muddy River (Table 50) and its tributaries occur in southern 
Illinois coal fields and receive not only ground water which is frequently 
acid in reaction but also strongly acid waters pumped from mines. 

Tributaries of a stream system may have a different reaction from that 
of the main stream; also, the upper reaches of a system may have a pH 
distinctly different from that of the opposite end. 

CLASSIFICATIONS OF LOTIC ENVIRONMENTS 

Various attempts (Shelf ord, 1913; Klugh, 1923;Pear8e, 1939; Muttkow- 
ski, 1929; Hora, 1930; Ricker, 1934; et al.) have been made to analyze the 
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lotic environments and associations. From these works, valuable sug- 
gestions can be secured and a temporary scheme formulated, but so little 
is yet known about the running-water series from the modern ecological 
standpoint that any such efforts may be regarded as nothing more than 
tentative, and much work must be done in the future before such a classifi- 
cation can approach a permanent basis. Certain lotic associations or 
communities are so clean cut and well defined (e.g., the rapids community) 
that there can be little difference of opinion concerning their natural 
status, but these are outstanding instances and are in the minority. For 
these reasons, no general classification is attempted here. The reader is 
referred to the literature indicated above for further information. 

BIOLOGICAL CONDITIONS 

Since the current conditions of rivers and streams at large vary from 
turbulent rapids to those in which the current is virtually imperceptible, 
lotic environments exhibit all intergrades from the very swift, rushing 
waters in narrow channels to situations which are essentially lentie. 
This range of conditions is reflected in the biota, which varies from the 
distinctly characteristic organisms of falls and rapids to lentie floras and 
faunas of the almost immobilized portions of the system. Sometimes 
lotic assemblages of various kinds ocempy the upper, more elevated por- 
tions of the stream system but fade out to give place to lentie assemblages, 
or at least mixtures of lotic and lentie assemblages, in the low reaches near 
the mouth of the stream. In other instances, lotic and lentie biotas alter- 
nate along the course where wider, level portions of channel interrupt the 
stretches of more rapid running water or where various types of obstruc^- 
tions producing damming effects sometimes referred to as 'ponding. Back 
waters, which, by origin and integration, are organic portions of a stream 
system, often qualify as lentie environments and maintain true lentie 
biotas. It is therefore very difficult, and perhaps not practi(;able, to try 
to lay down fundamental distinguishing differences between all lotic and 
all lentie biotas. In a rough way, it may be said that the greater the cur- 
rent velocity the greater the divergence of lentie and lotic populations, 
although sight should not be lost of the fact that a certain general resem- 
blance exists between wave-SAvept shoals and rapid streams, particularly 
when the materials composing the bottom of the shoal and the channel are 
similar, e.g., a stony bottom. However, the similarities should not be 
overstressed, since the fauna of a wave-swept, stony shoal of a lake and 
that of a stony, rapid stream are not identical, although similar in certain 
qualitative, quantitative, and physiological respects. 

Certain groups of animals are typically and sometimes exclusively lotic. 
Stone-fly larvae (Plecoptera) are preeminently lotic; black-fly larvae 
(Simuliidae) are confined exclusively to distinctly running water; net- 



RUNNING WATERS IN GENERAL 


415 


building caddis-ilies (Hydropsychidae) are typically lotic, although they 
may occur abundantly on exposed, stony lake shoals. Many other 
groups of insects are typically lotic. Specific and generic differences in 
the lentic and lotic faunas are very common, e.g., those of the lake and 
stream clams, fishes, and others. In a general way, it has been thought 
that lotic populations are more restricted in the number of species, but 
such a generalization is of doubtful value because of the great differences 
which exist in the various lotic and lentic situations. 

Influences of Current 

According to a time-worn statement, the lotic fauna is composed 
typically of animals whose dissolved oxygen demand is such that it can 
be fulfilled only by the highly oxygenated waters of streams. I'hat such 
is not always the case can be shown both by certain observations in nature 
and by experiment. In some forms (Simuliidae; Wu, 1931), the require- 
ment is an inherent current demand, not a high oxygen demand. It is 
possible that current demand may also be the preeminent factor in other 
typically lotic species. Support for the older conception has been seen by 
some in the work of Dodds and Hisaw (1924) who found that the gill area 
of May-fly nymphs in mountain streams varied inversely with the dis- 
solved oxygen content but showed no very close correlation with the cur- 
rent rate. Also, Hubault (1927) has claimed, from a study of swift 
streams in eastern France, that invertebrates inhabiting those situations 
are more dependent upon the increased amount of dissolved oxygen and 
the mineral salts in solution than upon current, a generalization which is 
certainly too sweeping. 

On the basis of work done in England, it is claimed (Fox, et al., 1935) 
that certain May-fly nymphs and caddis-fly larvae from a sAvift stream 
have a considerably higher dissolved oxygen consumption than do certain 
closely related and equal-sized ephemerid nymphs and caddis-fly larvae 
from a pond; also that the same situation exists within a single species of 
aquatic crustacean {Asellus aquaticus), viz., that the individuals from a 
swift stream consume more dissolved oxygen than do those from slug- 
gishly flowing water. Also certain swift-water ephemerid nymphs were 
found to be less resistant to oxygen deficiency than those in quiet water. 
Washbourn (1936) reported that trout fry from swift water consume 
significantly more dissolved oxygen than do those from slow water. 

Hubault proposed that all running-water animals are forced by inherent 
necessities to seek certain indispensable physicochemical conditions and 
in order to find them they are compelled to tolerate current as a mechan- 
ical, inconvenient, and even detrimental condition against which they 
must struggle, emphasis being placed on the idea that the relation of all 
stream animals to current is an enforced one. Obvious weaknesses to 
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such a contention make it of doubtful value as a generalization. Dodds 
and Hisaw (1925) concluded that most caddis-fly larvae inhabiting the* 
swift Rocky Mountain streams in Colorado live there in spite of the cur- 
rent, not on account of it; also, that some of these larvae not only tolerate 
the current but have utilized it in such a manner as to make it necessary 
for their existence. This whole subject should be studied further by 
modern experimental methods. 

Current imposes the problem of maintenance of position, a problem 
which has been discussed in the general section (page 157). With the 
exception of the plankton, practically all other members of the biota have 
developed means of maintaining themselves, except during floods, in that 
region of a stream for which they arc adapted and in which they must 
remain if they are to thrive or even exist. Since a stream is usually a 
sequence of different environments from the uppermost waters to the 
lowermost reaches, a species having definite and limited toleration limits 
must avoid the ever-present hazard of being swept out of its normal sur- 
roundings into the lower waters where conditions may become limiting 
and even lethal. 

Among organisms composing the biota of running waters, characters 
facilitating maintenance of position are numerous and diversified. It 
will suffice here merely to mention, as a specific example, the ballasting 
of cases of certain insects which live in running water during the larval 
stage. Not only are instances of Ihis sort known to occur in nature, but 
also it has been demonstrated experimentally (Webster and Webster, 
1943) that larvae of the same species (Goera calcarata; Trichoptera) build 
significantly heavier cases in running water than in quiet water. 

An accompanying feature of current is molar action which in running 
water is always an ever present influence. The character and severity 
of this action vary widely with current velocity, the nature of the bottom 
materials, and other circumstances. Injury and mortality may be very 
high at times of flood, an interesting instance of which is reported by 
Needham (1930) as follows: 

A net was used to strain the material being carried downstream during a high 
flood in Six Mile Creek near Ithaca, N.Y. The results were most illuminating. 
Practically every kind of aquatic organism whic.h had been collected from this 
stream during the previous summer was taken in the net. The great majority 
were dead or injured by the grinding action of rocks and gravel which were being 
carried downstream. Many parts of insect larvae such as heads, legs, tails, and 
abdomens offered evidence of the destructive action of the high waters. Many 
aquatics such as black-fly larvae, Siinulium, which are never taken drifting free 
in the current under normal circumstances, were collected, bruised and battered 
as they were carried downstream. Bottom studies made after the flood had 
subsided showed but a fraction of a gram of organisms remaining per unit area. 
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In addition to molar action, the eroding and scouring-out action of 
flood waters often has the effect of almost depopulating portions of 
streams so that restocking is necessary. Nature has numerous and effec- 
tive means of restoring populations to these denuded situations, such as 
upstream or downstream migration of animals from adjacent waters, 
transportation by currents of water, transportation by other organisms, 
reproduction by the few individuals surviving the floods, spread of aerial 
adults from nearby waters, and transportation as wind-blown materials. 

The speed and completeness of natural restocking after scouring-out 
effects of a flood depend upon the kind of stream, composition of the 
biota, time of year, severity of flooding, and certain other circumstances. 
The conditions surrounding the problem of restocking are so diversified 
that at present it is impracticable to attempt to formulate any general 
statements concerning average expectations. Recovery following flood- 
ing has been studied in various more or less isolated researches dealing 
with scattered types of streams, and certain features of natural i*estock- 
ing for the streams involved have been described. For example, Moffett 
(1936) found that in the bottom fauna of a certain Utah stream (1) 
those species having the shorter life cycles became reestablished first, 
(2) recovery was rapid (3 months), and (3) removal of the carnivores 
among the bottom fauna by the flooding lessened their influence on the 
herbivores. It seems to have been demonstrated that in a stream subject 
to population loss by flooding the presence of unaffected areas along the 
channel do much to speed up recovery, also that the recovery period is 
much shorter if it occurs during seasons favorable for reproduction. 
Migration habits of some organisms aid in recovery. The occurrence and 
extent of such migrations among various species of the nekton-benthos 
are still little known, but scattered instances appear in the records. For 
example, it has been shown that in certain European streams populations 
of Planaria are constantly either moving upstream or do^vnstream, 
depending upon controlling conditions. Other instances of a somewhat 
similar kind are known. 

The production of drift materials in a stream is one of the almost 
invariable effects of current, oven in the absence of floods. Flowing 
water is constantly picking up objects from the channel and transporting 
them downstream. Mingled in this drift, there are likely to be certain 
aquatic organisms which have been swept into suspension. The quality 
and quantity of this drift biota will depend upon the conditions which pre- 
vail in the stream concerned. Dendy (1944) reviewed the literature 
relating to this subject and presented results of his investigations on 
macroscopic drift animals in three northern Michigan strejims in which 
floods never occur. Among other things, he found, in the streams 
studied, that (1) 71 different kinds of macroscopic animals representing 
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7 phyla occurred in the drift during the summer months; (2) the presence 
of macroscopic animals, although highly variable in kind and quantity, 
was a constant feature; (3) in one of the streams all species represented in 
bottom-fauna samples were sooner or later found in the drift of that 
stream; (4) large quantities of drift biota are delivered into the lakes into 
which the streams emptied; (5) most animals drifting from a stream into 
a lake survive for but a limited time in the new environment. The work 
of Dendy and others demonstrates clearly that streams reduce their 
populations by washing animals away in the drift, such loss being a con- 
tinuous one, even in the absence of floods. 

A phenomenon arising out of current action is the deposition of erosion 
silt. The various physiographic processes involved are too familiar to 
justify discussion here. In some lotic situations, e.g., in steep, rock-bed 
streams, such deposits are virtually absent; in the slower portions of sys- 
tems draining large areas of the softer types of surface formations, it may 
be of considerable magnitude. Certain organisms regularly occupy 
regions of silt deposit with no detriment to themselves, some of them hav- 
ing certain mechanical means of avoiding suffocation by the mud. That 
silt deposition is a hazard and even a lethal influence to certain benthic 
organisms is well known, the deleterious influence commonly affecting 
the animal by interfering with respiration. It has been reported by Ellis 
(1931) that in various streams of the Mississippi, Ohio, and Tennessee 
drainage systems, erosion silt is destroying a large proportion of the 
mussels by (1) directly smothering them by a thick deposit; (2) smother- 
ing the juveniles in localities where the adults can manage to maintain 
themselves; and (3) blanketing the organic matter so that an oxygen 
deficiency is produced locally, to the detriment of those mussels which 
require well-aerated water. According to Ellis, very young mussels are 
particularly sensitive to low dissolved oxygen content. Without doubt, 
silt deposition has an eliminating effect, directly or indirectly, upon 
various other organisms and is probably a much more important bio- 
logical influence than has hitherto been supposed. 

The influence of current upon plankton is discussed under another 
heading (see page 420). 

Another influence of current is the elimination of surface breathers, 
except in the very slow-moving regions. This elimination is virtually 
complete in very swift streams; in those less vigorous, a few surface 
breathers may manage to occupy the more protected, marginal regions. 

Plant Growths 

Larger Plants. The larger aquatic plants (see Chap. XI) usually do 
not occur in conspicuous quantities in streams except where the current 
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is greatly reduced. Occasionally, certain rooted plants of low stature 
{Chara and others) may be found in rapid streams. It has been claimed 
that there is a distinct tendency to dwarfing in plants that grow in moun- 
tain streams. Certain water mosses (Fontinalis and others) may be 
found in rapid current, especially in streams not subject to severe floods. 
On the other hand, some of the very slow, sluggish streams may become 
literally plant choked, maintaining a luxuriant flora composed principally 
of the submerged and floating types. In the slower water of stream 
edges, a narrow margin of aquatic plants may occur but usually with but 
limited success. Occasionally, streams which arise as surface upwelling 
of subterranean water and which are little subject to floods, droughts, or 
extensive sedimentation develop abundant growths of submerged rooted 
plants and certain types of Algae. Back waters and similar situations 
often produce great quantities of the larger plants, but, although more 
or less an organic part of a stream system, they are actually more lentic 
than lotic in character. 

Limnological relations of larger aquatic plants are discussed in Chap. 
XL It should be mentioned here that they play an important role in 
stream productivity. Their relationships to limnological processes are 
numerous and basic. Perhaps the most obvious benefits arise from their 
influence on fish production. Among various things, they supply shelter, 
protection, materials for abode, food, and support for a multitude of 
aquatic invertebrates that in turn serve directly or indirectly as food for 
fishes. Heavy production of larger plants is said to be favorable for 
trout production. It has been claimed that one of the favorable results 
of stream-improvement programs of certain types is the resulting exten- 
sion of weed beds. 

Algae. According to Tiffany (1938), the characteristic Algae of swift 
streams are those possessing the so-called holdfast cells or other structures 
which make it possible for them to adhere to various kinds of supports on 
the bottom and to remain there in the face of strong (jurrent. Lemanea^ 
a fresh-water red alga, is said to be rather closely restricted to turbulent 
water and usually found only in rapids or waterfalls. Batrachospermuin, 
also a red alga, occurs frequently in rapid streams. A very common green 
alga {Cladophord) attaches to stones and other supports in slow streams. 
Certain other Algae which lack holdfasts may successfully resist current 
action because of abundant mucous secretion in which the cells are enclosed 
and which seal the mass to the substrata. Strands of Teiraspora and 
Drapamaldiaf globular colonies of Chaetophoraj certain desmids, blue- 
greens, and others are said to be similarly attached in rapid streams. 
On occasion, these plants may be pulled loose from their moorings and 
become adventitious plankters. 
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Plankton 

The literature contains statements to the effect that streams or portions 
of stream systems are devoid of plankton, or, if the statements do not go 
so far as to deny the existence of plankton, they stress the presence of 
only a very limited one. According to Eddy (1932), no plankton occurs 
in the upper 50 miles of the Sangamon River, Illinois, although bottom 
organisms, especially diatoms and protozoans, occasionally appeared in 
the collections. In the lower portions of the same river, a plankton is 
present. While much remains to be learned about these matters, it seems 
likely that if there are any parts of stream systems in which a true plank- 
ton is absent, they are the uppermost, swift ones; and that if a stream is of 
sufficient length, plankton will appear at least in the lower reaches. 
Mountain streams may show very little plankton even in their lower 
courses. The various negative statements concerning the plankton of 
running waters have sometimes been allowed to obscure the fact that 
many streams maintain a true plankton, often in consid('Table quantity. 

Qualitative Features. In his extensive studies of the plankton of the 
Illinois River, Kofoid (1908) found (1) that the river plankton was a 
polymixic one, owing to the mingling of the planktons from the various 
portions of the drainage basin, especially from connected backwaters, 
and the consecjuent seeding of the channel waters with a great variety of 
organisms; (2) that the river plankton is subject to extreme fluctuations in 
quality; and (3) that this plankton does not contain any species peculiar 
to it, nor is it characterized by any definite assemblages of eulimnetic 
organisms, but the whole plankton may be distinguished, in a very general 
way only, by the greater quantities of littoral or benthic forms which 
mingle with the typical plankters. In this connection, it should be noted 
that the Illinois River has a very slow current throughout much of its 
course; also has much back water and a considerable number of adjacent 
“lakes'^ which empty into it. Therefore, the conditions of this river 
are, in some respects, not typical. 

Krieger (1927) holds that the organisms which make up a river plank- 
ton originate from (1) the area surrounding the headwaters of the river; 
(2) the heleoplankton from pools along the river; (3) the limnoplankton 
from lakes along the river ; and (4) tributary streams and drains. Butcher 
(1932) has shown that, in rivers which he studied, all of the plankton 
organisms, with very few exceptions, can be found at one time or another 
on the river bed and among the submerged and littoral macrophytes. 
Some of the plankters have been caught or entangled there; but many of 
them, particularly algal plankters, are sessile forms growing on the bot- 
tom. The current washes free from attachment individuals and portions 
of colonies, thus adding them to the plankton. Butcher makes the follow- 
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ing analysis of the river plankton and its origin: (1) River phytoplankton 
contains two groups; (a) diatoms; Fragilaria and Synedra are most com- 
mon; and (6) small green and blue-green Algae; Scenedesmus and Pedia- 
strum are most frequent and widely distributed. (2) The small green and 
blue-green Algae become the more important as the river becomes larger. 
(3) The most common of the potamoplankters develop in various habitats, 
such as in ponds, lakes, marshy places, and river beds. (4) In large 
rivers, the relation between the potamoplankton and its sources of supply 
(lakes, pools, bogs, back-waters, and river beds) is still unknown. (5) In 
smaller streams, the sessile Algae appear to constitute the most important 
source of the phytoplankton. Steuer (1910) regarded the lotic plankton 
(potamoplankton) as an ecological group of organisms (biocoenose) living 
and breeding in running water and consisting principally of diatoms 
{Melosira^ Asterionella, Synedra^ Fragilaria, Stephanodiscus) and rotifers 
[Asplanchna, Brachionus, Keratella (Anuraea), Gastropus, Polyarthra, Syu’- 
chaeta], Galtsoff (1924) claims that the preponderance of these genera in 
river plankton may be regarded as characteristic of lotic plankton, since 
this particular combination has been observed in almost all rivers. How- 
ever, all of these genera are commonly represented in lakes and ponds. 
The lotic plankton is not a special community of organisms adapted exclu- 
sively for life in running water. According to Galtsoff, only certain 
Schizomycetes {Micrococcus rhenanus, Sarcina alba, and Microspira 
danuhica) seem to be restricted to streams. For further discussion of the 
origin of stream plankton, see page 427. 

That stream plankton is not restricted to the diatoms and rotifers men- 
tioned in the above paragraph is now well known. It has been claimed 
that certain rivers carry only zooplankton, and, in fact, some rivers have 
been described as having a plankton composed, in midsummer, of rotifers 
only. Whether in such rivers the phytoplankton is absent throughout 
the year remains to be shown, but it seems unlikely. Unfortunately, 
much of the river plankton work has dealt only with the net plankton, and 
little information is available as to the nannoplankton. Kofoid (1908) 
reported a total of 529 plankters for the Illinois River of which 83 were 
phytoplankters and 446 were zooplankters. Allen (1920) found 396 
plankters in the San Joaquin River, California, of which the phytoplank- 
ters were somewhat fewer than the zooplankters. Galtsoff ( 1 924) listed 36 
phytoplankters from the upper Mississippi River and about 80 zooplank- 
ters; while Reinhard (1931), also working in the upper Mississippi, found 
190 plankters of which 115 were phytoplankters and 73 were zooplankters. 
In the Illinois River, the predominating group among the phytoplankton 
was the Chlorophyceae (33 species), with the diatoms occupying second 
place (29 species); among the zooplankton, the Protozoa led, with 185 
species; while the rotifers followed next with 104 species; the Ento- 
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mostraca included only 43 species. In the San Joaquin River, diatoms 
were considerably in excess of other phytoplankton groups; among the 
zooplankton, Protozoa usually led, with the largest number of species, 
followed by the rotifers; Entomostraca were represented by a very small 
number of species. In the upper Mississippi River (GaltsofT, 1924), the 
Chlorophyceae contained the largest number of phytoplankters, followed 
next by the blue-green Algae, the diatoms occupying third place; among 
the zooplankton, the rotifers considerably exceeded the other groups, 
while the Protozoa ranked second; but Reinhard (1931) reported the 
diatoms greatly in the majority. How typical these results are for the 
larger American rivers remains to be demonstrated. The special condi- 
tions which prevail in some rivers, such as high turbidity and special 
chemical content, may possibly produce a different plankton composition. 
It appears that diatoms arc almost universally the most important con- 
stituents of river plankton. Rivers, in general, being more laden with 
silt than are lakes, would thus contain more diatoms on the basis of a 
greater amount of available silicon (Reinhard, 1931). 

Cilleuls (1928), in making a general survey of the literature dealing with 
large stream plankton, subdivided the larger units of the lotic series into 
two categories on the basis of rate of current: (1) those with slow current 
and possessing lacustrine characters and (2) those having rapid current. 
Obviously, all kinds of intcrgradcs occur between these two groups. 
However, in a general way, significant differences exist between the very 
slow and the very rapid waters. He lists the following general character- 
istics of the plankton of rivers having rapid flow: 

1. Presence of mineral and organic detritus which nearly always sur- 
passes the plankton in quantity. 

2. Small number of species of phytoplankton. 

3. Predominance of diat oms at all times, bot h in the number of species 
and in the number of individuals. 

4. Rarity or absence of typical, stream-produced plankters. 

5. Materials constantly furnished to the main channel by the shore and 
from the various kinds of tributaries. 

6. General dominance of the phytoplankton over the zooplankton. 

Pennak (1943) made a yeaf.-round study of J^oulder (^reek, Colorado, 

a typical cascading mountain stream which arises near the Continental 
Divide and flows eastward to the plains. The net plankton was restricted 
wholly to diatoms and Ulothrix spp. Over the period of study (15 
months), the diatoms showed a quantitative variation of 9,000 to 2,547,600 
cells per liter; the Ulothrix spp., 0 to 16,030 cells per liter. A sizable por- 
tion of the former and all of the latter were derived from the surface of 
stones in the stream bed. The very restricted zooplankton was composed 
only of one species of Copepoda, three species of Cladocera, and six 
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species of Rotatoria. Quantitatively, the total zooplankton varied from 
zero to 36 individuals per liter. It was believed that this zooplankton 
originates largely from the deeper, quiet pools along the stream course. 
It was pointed- out that the features of the phytoplankton agree with the 
generalizations of Cilleuls. Since Pennak’s sampling station was at the 
base of the foothills, it is estimated that less than 1 5 hr. are required for 
the water from the highest reaches of Boulder ("reek to arrive at the point 
of examination. The water at that point is therefore very “ young (see 
Eddy’s results, page 420). 

Quantitative Features. Quantitative production of plankton varies 
greatly with the stream system, with the various portions of the same 
system, with the time of year, with the water level, and with other 
possible circumstances (Table 51). Kofoid (1903) laid down a series of 


Table 51. Illinois River; Total Plankton Passing Havana, September, 

1909-August, 1910 
Modified from Richardson (1921) 


Season 

Net 
plank- 
ton, cc. 
per 

cu.m. 

Total 
plank- 
ton, cc. 
p(?r 

cu.m. 

Ratio of 
total 
plankton 
to net 
plankton 

Water 
discharge}, 
cu.m, 
per 24 hr. 

Plankton 
passing 
per 24 
hr., tons 

Plankton 

passing 

during 

entire 

period, tons 

Dec.-Feb., 90 days. . 

0.20 

1.37 

6.87:1 

48,090,240 

72 

6,536 

Mar.-Junc, 122 days 

13.98 

27.82 

1 99:1 

48,090,240 

1,474 

179,916 

July~Nov., 153 days. 

0.87 

3.43 

3.95:1 

24,045,120 

91 

14,025 


conclusions for the Illinois River which, in a general way, are applicable 
to lotic situations, especially the larger, slower systems. C-ertain ones 
of very general bearing are as follows: 

1. Area and depth, within limits of our environment, show little relation to 
plankton production. 

2. Age of the water is an important factor in determining production of 
streams. Young waters from springs and creeks have but little plankton, and 
even such tributaries as th(^ Spoon River (drainage basin, 1,870 sq. miles) con- 
tain but little plankton, priiu^ipally of the more rapidly developing organisms. 
This barren water, impounded for 10 to 30 days in the backwater reservoirs such 
as Phelps Jjake, develops an abundant plankton. The rate of run-off and replace- 
ment of impounded waters determines to some extent the amplitude of produc- 
tion, This is greatest where run-off is least and rate of renewal slowest. 

3. Fluctuations in hydrographic conditions constitute the most immediately 
effective factor in the environment of the potamoplankton. Rising levels 
usually witness a sharp decline in plankton content (per cubic meter) as barren 
storm waters mingle with or replace plankton-rich waters of channel and reser- 
voir backwaters. Falling levels are periods of recovery and increase in plankton. 
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Stability in hydrographic conditions conduces to rise in production at all seasons 
of the year, and instability is always destructive. Winter floods tend to lower 
plankton production; spring floods increase it. 

4. Temperature affects production profoundly. Below 45®F., the plankton 
content in the river is only about 9 per cent of that present above this temper- 
ature; and in backwaters, but 29 to 40 per cent. Minimum production is at 
times of minimum temperature. 

5. Ijight affects plankton production. The half year with more illumination 
and fewer cloudy days produces from 1.6 to 7 times as much plankton as that 
with less illumination and more cloudy days. Seasons of unusual cloudiness are 
accompanied by depression in production. 

6. The plankton of the Illinois River is largely autonomous. Seepage and 
creek waters are diluents of its plankton and add little to its diversity. Even 
Spoon River is generally a diluent, reducing the plankton content 10 per cent 
and adding but few diversifying species to its population. The reservoir back- 
waters, on the other hand, generally contain a more abundant plankton than 
the channel, the amount, on the bases of monthly averages, being from 1.3 to 17 
times as great. At all levels, waters from impounding areas in the bottom lands 
are drawn into the channel, mingled with the plankton-poor contributions of 
tributaries, and further enriched by the growth of indigenous channel plankton. 
The reservoir backwaters are thus of great importance both as a source of the 
channel plankton of the Illinois River and in its maintenance. 

7. Filter-paper catches indicate the presence, on the average, of a plankton 
3.3 times the volume of that taken by the silk net. Leakage through the silk is 
therefore a matter of some volumetric importance, 

8. The annual production of plankton and of the fisheries of the Illinois River 
show some correlation in their changes from year to year. 

While these conclusions apply primarily to the Illinois River, it has 
been shown by various investigations made since that time on other river 
systems, American and European, that they hold more or less generally 
for similar situations. Definite, quantitative values expressed above are, 
of course, subject to considerable change in other rivers. Certain com- 
ments on the Kofoid conclusions, based upon recent work, follow. 

The importance of age of water seems to be well grounded. Shelford 
and Eddy (1929) reported that in the upper reaches of the Sangamon 
River, Illinois, water approximately 9 days old contained practically no 
plankton and that plankton did not begin to appear abundantly until the 
water was at least 20 days old. 

The amount of current has a profound effect upon plankton production. 
According to the so-called Schroder's law, the amount of plankton in a 
river varies inversely as the slope of the channel. It is not clear that any 
such constant relation holds in all running water; but within certain limits, 
the greater the current the less the plankton. Allen (1920) found that 
water currents above a very moderate speed are distinctly inimical to 
plankton development, and various other workers have shown that the 
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amount of plankton decreases as the water velocity increases. The influ- 
ence of current becomes manifest where lake waters containing plankton 
flow into an outlet (see page 428). That the plankton quantities begin to 
drop rapidly seems to be well established, especially if the outlet has dis- 
tinct current. Rapids apparently have a serious effect upon plankton. 
Galtsoff (1924) found that, in the Mississippi River, the water below Rock 
Island Rapids carried only about 40 per cent as much plankton as that 
above the rapids. It was computed that the trip through these rapids 
required about eight hours. Galtsoff assumed that the plankters are 
destroyed not directly by the turbulent water itself but by the friction 
against sand grains suspended in the flowing water and possibly by 
impacts with the various materials composing the bottom. Pennak 
(1943) found that in a Colorado mountain stream the remains of both 
mature and immature zooplankters occurred abundantly in plankton 
samples. lie believed this fragmentation to be due to the turbulence of 
the stream and resulting contact of organisms upon the stream bed and 
upon suspended particles. 

Seasonal Distribution. Here, again, Kofoid’s generalizations for the 
Illinois River are quoted, since it appears that they apply in a general way, 
particularly to large rivers with slow current. 

1. There is little correlation between the seasonal flux in chemical conditions 
(as shown in data of sanitary analyses) and the seasonal course of plankton pro- 
duction (as shown in catches of the silk net). The nitrogenous matters are 
influenced by the plankton pulses, especially when diatoms are multiplying 
rapidly, but the changes are not uniform or proportional. 

2. The course of plankton production in channel and backwaters throughout 
the year exhibits a series of recurrent pulses, culminating in maxima and sepa- 
rated by minima, which give the planktograph the appearance of a series of 
“frequency-of-error^’ curves of varying amplitudes. These pulses generally 
have a duration of three to five weeks and tend to coincide in their location in 
all localities coincidentally examined by us. This similarity in the direction of 
movement in production amounts quantitatively to 65 per cent of the possible 
comparisons in our records. This cyclic movement in production is jdainly 
influenced, accelerated or retarded, or its amplitude extended or depressed, by 
environmental factors, but is not itself traceable to any one or any combination 
of them. A brief interval of examination — ^not more than one week — ^is essential 
to a demonstration of the existence of these pulses. 

3. The vernal pulse in production attends the vernal jise in temperature and 
culminates at about 60 to 70°. With the establishment of the midsummer tem- 
peratures (about 80°), production falls from 44 to 87 per cent, in channel and 
backwaters. It rises, however, 68 per cent in Phelps Lake, so that other causes 
than temperature may be operative in producing the midsummer decline. The 
autumnal decline in temperatures is accompanied by decline in production in the 
channel and in Quiver Lake, but by an increase in other backwaters, which 
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exhibit a tendency toward an autumnal pulse. The decline to winter minimum 
occurs in December. 

An early spring accelerates, and a late spring retards, the vernal pulse, and a 
late autumn prolongs the autumnal production. Summer heat pulses often 
attend plankton increases. Minimum temperatures are not prohibitive of 
large plankton production. The December production in Phelps Lake in 1898 
(43.14 cm\) exceeds the vernal maximum elsewhere in all localities but one, but 
falls much below the summer production in Phelps Lake. Tlie ice sheet is not 
inimical to a considerable plankton production unless stagnation conditions 
occur. 

4. In the main, but two types of plankton are found in the Illinois River— 
the summer, and the winter assemblage. The vernal and autumnal types are 
only transitions between the two when organisms from both are present. The 
winter plankton is characterized by a small number of species peculiar to that 
season, and a number of j^erennial forms; the summer, by a large number of 
summer organisms with the perennial types. 


Kofoid’s results showed that in the channel waters of the Illinois River, 
there was usually one total plankton maximum at some time during the 
open season; it tended to appear during the spring but sometimes occurred 
as late as September and occasionally in February, indicating that in this 
river at least these plankton changes follow the causative changes in the 
environment and not the cahmdar. However, it is interesting to note 
that his curves for the Chlorophyceae, diatoms, Mastigophora, and 
Crustacea show a general summer maximum and a winter minimum, 
while rotifers exhibit a tendency toward the bimodal production curve, 
with maxima in spring and in autumn. Reinhard (1931) reported one 
spring plankton maximum and one midwinter minimum for the upper 
Mississippi River. Diatoms constituted the bulk of the plankton at all 
seasons. The San Joacpiin River, California, has but one plankton maxi- 
mum (Allen, 1920), viz., in the autumn, and the various general groups of 
plankters (chlorophyll bearers, Entomostraca, Protozoa, and Rotatoria) 
all show increases at that time, although not of the same magnitude. 
Some tropical rivers manifest two annual plankton maxima, those 
maxima being both qualitative and quantitative and depending, appar- 
ently, upon the quantity of fdod material. 

Horizontal and Vertical Distribution. Since increasing current means 
decreasingly favorable conditions for plankton, plankton organisms are 
commonly more abundant near the banks than in the midchannel, 
although special conditions may intervene to bring about another type 
of distribution. If, for example, the waters along one or both banks 
become stagnant and unfavorable for plankton, the midchannel will con- 
tain the larger quantities. In some waters, it appears that the differences 
between midchannel and marginal distribution are almost insignificant. 
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Since plankton organisms are victims of the drift of water, their vertical 
distribution depends much upon current. In some running waters and 
under some circumstances, the plankton quantities of the deeper strata 
exceed those of the upper strata. Sometimes, the vertical distribution is 
uniform; in other waters, especially during the warmer months, the dis- 
tribution is much the same as would occur in a lake of similar depth. 
Actually, vertical distribution of plankton in running waters is very 
variable not only in different systems but also in different portions of the 
same system. 

Origin of Stream Plankton. The origin of running-water plankton has 
been a much debated question. Various explanations have been pro- 
posed, based upon different water systems, some of which are as follows: 
(1) River plankton arises in the upper tributaries and is not developed in 
the main portion of the river. According to Galtsoff (1924), Schtitt 
claimed this origin for the plankton of the Amazon River. (2) River 
plankton arises in the slow-moving sections of the channel, in the bayous, 
and in the lakes which are either widened regions of the rivers themselves 
or those closely connected with them. Kofoid (1908) concluded that the 
plankton of the Illinois River channel is not derived directly from the 
tributaries but rather largely from the impounding backwaters and that 
at low water stages, it is almost exclusively indigenous in the channel 
itself; and Galtsoff (1924) came to similar conclusions concerning the 
upper Mississippi River. Reinhard (1931) found that, in the upper 
Mississippi region, plankters peculiar to the tributary waters invariably 
declined numerically when introduced into the main stream and insisted 
that tributary forms capable of thriving in the main channel are already 
established there, while the forms peculiar to tributaries are those not 
fitted for life in the main stream. He further pointed out that, because 
of the possibility of passive transportation of plankton for long distances, 
certain features of a plankton collection may sometimes show little corre- 
spondence to the channel environment at the sampling position. Other 
work on the origin of river plankton (Krieger, 1927; Butcher, 1932) has 
been discussed on page 420. 

It seems now reasonably well established that the plankton of streams 
(potamoplankton) is not composed of plankters confined exclusively to 
running water. Allowing for the great variety of special circumstances 
which may surround streams and parts of stream systems, it appears that 
the plankton of many streams is a composite of plankters from several 
sources, some of whi(;h may be the limnetic and benthic zones as well as 
contributing lentic environments, with relatively few species character- 
istic only of the lotic situation. In fact, some limnologists seem to deny 
the existence of exclusively lotic plankters, especially in rivers. Positive 
conclusions on this matter must wait further investigations. Since so 
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many of the available data are based upon the study of net plankton only, 
the status of nannoplankton cannot be appraised at this time. 

Fate of Typical L^e Plankton in Streams. It has long been believed 
that a typical lake supports a plankton fundamentally different from that 
of a river or any other flowing water. The term potamoplankton seems 
to have been originally proposed to designate a group of plankton organ- 
isms thought to exist only in running water, and at the present time it is 
often used in that sense. It is also commonly believed that the supposed 
characteristic differences between lake plankton and running-water plank- 
ton are the result of the contrasting environmental conditions in the two 
different kinds of environments, current being the conspicuous feature in 
running waters and being responsible, directly or indirectly, for the differ- 
ences in the plankton. Many lakes have streams as their outlets, 
and, as a result, lake plankton, especially that of the surface waters, 
passes out of the conditions characteristic of a lake into those character- 
istic of running water. It therefore becomes important to know what, if 
anything, happens to the typical lake plankton after its arrival in the 
running water. Chandler (1 937) made an extensive study of the problem 
in three different situations in each of which typical lake water, bearing 
its characteristic plankton, flowed into streams none of which had 
tributaries in the region studied or had any pollution. Among the 
various results of this investigation, the following are significant in 
this connection: (1) The plankton underwent a progressive, quantita- 
tive decrease as it passed downstream. (2) The decrease in plankton 
was not uniform in all parts of each stream but varied with the presence 
or absence of certain environmental factors. (3) The greatest plankton 
decrease per unit of distance invariably occurred in the most heavily 
vegetated sections of the stream. Decreases of as much as 50 per 
cent occurred with a distance of 20 m. in heavily vegetated regions. 
When the plants were removed, plankton decrease almost completely 
disappeared in that portion of the water. The plankton may be 
strained out of the water by thick accumulations of plants, e.g., by a 
Lyngbya mat ; likewise, it may also adhere to the accumulated materials 
on the submerged stems and leaves of the submerged, rooted macrophytes. 
Plankton thus removed by vegetation settled ultimately to the bottom, 
forming conspicuous accumulations of very finely divided bottom 
deposits. (4) Various kinds of submerged debris and other objects may 
possess surfaces favorable for plankton accumulation and thus function 
in reducing the amount of lake plankton. (5) Planktcrs settling to the 
bottom, either alone or in association wdth inanimate materials, may 
result in a decrease of lake plankton in running water. The specific effect 
of current upon lake plankton is still inadequately investigated. Chand- 
ler’s w’^ork was done on situations in which the current rate was relatively 
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slow. Various investigators (Allen, 1920; Galtsoff, 1924; Van Oye, 1920; 
and others) have found current related directly to plankton scarcity in 
rivers, but whether or not this also holds for inflowing lake plankton 
remains for future research to determine. 

It is evident that the quantitative lake-plankton decrease exhibited 
by the streams investigated by Chandler is not caused by any one factor 
but by several (aquatic vegetation, debris, subsidence of inanimate mate- 
rials, and others). One factor may be more important in one section of a 
river than in another, but the total lake-plankton decrease occurring 
between the outlet of the lake and some remote station on the stream is 
the result of the combined effect of several factors. It seemed that the 
greatest plankton decrease was produced by the collection of plankters on 
the surfaces of objects with which they come into contact. 

Plankton Decrease. It seems certain that the longitudinal distribu- 
tion of plankton along the course of a river from its origin to its mouth 


Table 52. Loss of Plankton in the JjOwer Reaches of the Illinois River 
Modified from Richardson (1921) 


Roach 



May, 1899 

June, 1910 

Aug., 1910 

I. Chillicothe^ to Havana; 60.6 miles (mid- 
dle section of river; most productive in 
plankton) 

100 

100 

100 

II. Havana to Lagrange; 42.5 miles 

44 

38 

8 

III. Lagrange to Grafton,* 77.5 miles 

7 

12 

3 




Plankton volumes, percentage of 
volumes in reach I 


1 Chillicothe is 146.5 miles downstream from Lake Michigan. 
* Grafton is at the mouth of the river. 


depends upon various circumstances, such as the character, number, and 
distribution of tributaries; the rate of current; nature, amount, and dis- 
tribution of back waters; character of the channel; and so on. Longi- 
tudinal distribution of plankton in long rivers is still too imperfectly 
known to permit any generalizations. It should be stated here, however, 
that certain rivers have been described in which the longitudinal distribu- 
tion is roughly as follows: the head- water section in which there is little 
or no true plankton; a next succeeding section iiv which the plankton 
is increasing; a middle or submiddle section in which the plankton attains 
its maximum; and finally a lower section of the course in which there is a 
distinct decline in the plankton, with increasing distance downstream to 
the river mouth. Table 52 contains a few of the numerous data for the 
Illinois River and indicates something of the character of the plankton 
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decline in the lower course. Forbes (1928) reported a similar decline in 
the plankton in the lower course of the Rock River, some of the features of 
which are given in Table 53. Another instance of the same phenomenon 
is described by Eddy (1932) in the Sangamon River and is illustrated in 

Table 53. Plankton Decrease in Lower Reach of the Rock River 
Ratios of numbers of plankton organisms per cubic meter in the two portions of the 

river 

Data from Forbes (1928) 


Plankton 

groups 

Upper reach of river 
(Beloit to Dixon) 

Lower reach of river 
(Sterling to Colona) 

Diatoms 

1 17 

1 

Other Algae 

8.7 

1 

Protozoa 

7.6 

1 

Rotifers 

2.4 

1 

Entomostraca 

4.0 

1 



Table 54. Summary of Plankton Collections, Sagamon River, 1929 
M odified from Eddy (1932) 


Location 

Volume, 
cc. per cu. m. 

Number of species 
represented 

June 

26-27 

July 

26-28 

Sept. 

10-12 

June 

25-27 

July 

26-28 

Sept. 

10-12 

Monticello* 

0.08 

0.08 

0.05 

9 

8 

16 

Lake Decatur® 

15.20 

9.50 

9.60 

36 

47 

25 

Harristown 

6.00 



22 

34 

27 

Illiopolis 

9.00 

8 00 

8.40 

23 

31 

26 

Riverton 

3.00 

3.90 


17 

35 

35 

Springfield 


0.80 



28 

36 

Petersburg 

2.20 

0.40 


22 

22 

39 

Chandlerville® 

0.50 

0.30 


24 

22 

l 



1 First appearance of plankton; more than 50 miles from source. 
> Lake formed by damminK of main channel of river. 

* Very near -mouth of river. • 


Table 54. Still other examples occur in the literature. A satisfactory 
explanation of this plankton decline in the lower reaches of certain rivers 
is yet lacking. Unfortunately, in some of the rivers in which this decline 
has been studied, present or previous pollution in the upper portions 
makes an understanding of this complex phenomenon much more difficult. 
How common this form of plankton decline is in rivers at large future 
research must determine. 
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Nekton-Benthos Characteristics 

Since shallowness is a preponderant characteristic of streams in general, 
no organism inhabiting them is remote from the bottom. Only in deep 
parts of large rivers are there deviations from this statement. In most 
streams a sharp dividing line between nekton and benthos on a natural 
basis does not exist. Of the vast array of organisms involved, fishes are 
the only group which might justly be called nektonic, and even here the 
case is not always clear, as, for example, the central mudminnow (Umbra 
limi) whose habits might justify classifying it as a bottom organism. 
Intergrades between benthos and nekton are so numerous that it is 
impracticable to consider them separately. Therefore, for purposes of 
general discussion, they will be treated together in this account. 

Temporary and Headwater Streams. The most remote extensions of 
a lotic system (gullies, rivulets, brooks) are often intermittent. During 
the dry season, the channel is either completely devoid of water or, at 
most, contains but a few isolated pools. While such waters often appear, 
on casual examination, to be almost devoid of life, actually they are 
usually occupied by certain assemblages of organisms which, in part at 
least, possess the following features: 

1. liife histories requiring water only in a portion of the cycle; therefore, 
such a stream has no permanent aquatic residents other than those which 
may persist in the isolated pools of the dried-up water course. 

2. Virtually no development of the higher aquatic plants, and hence 
there are very few direct plant eaters among the fauna. 

3. A preponderance of forms which are either carnivorous or which 
feed upon detritus and microscopic organisms. 

4. Positive rheotropisin in some of the motile forms; clinging and 
attachment a common feature of others. 

5. Wide toleration of environmental changes by those spe(;ies which 
may carry over in the pools from one period of flowing water to the next. 
Not only must the original lotic organisms inhabit lentic conditions, but 
also the lentic conditions themselves may become more and more severe 
during the pool period. 

6. Linear sequence distribution of fishes. According to Shelf ord 
(1913), the fishes, in many such streams, occur in a very regular linear 
sequence. For example, in the region of Chicago, 111., the creek chub 
(horned dace), Semotilus atromaculcUuSy occupies the farthest upstream 
position; the redbelly dace, Chrosomus erythrogaMer; the blacknose dace, 
Rhinicthys atratulus; the young of the white sucker, Catastomus commer-^ 
sonii; and others following in the order named (Fig. 50). With the 
onset of drought, these fishes move downstream; with rise of water level, 
I'hey go up stream but maintain their general linear distribution. 
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Somewhat similar phenomena have been reported from European 
streams. 

7. Aquatic insects form the most diversified group of the fauna. 

Streams in General. There seems to be a rather general agreement 
(Pearse, 1939; Shelf ord and Eddy, 1929; and others) that, in a very broad 
way, two large types of stream communities can be recognized: (1) those 
characteristic of swift waters with hard, stable bottoms and (2) those 
characteristic of slowly moving waters with soft, unstable bottoms. 
Shelf ord and Eddy describe these general communities, in part, as follows: 

1. Swift- water type. No pelagic communities; the fishes and insects 
present are preeminently bottom dwellers or else are involuntary drift 
forms from the pools above; essentially only one type of rapid- water 
bottom community at low altitude in central North America, viz., the 
Cladophora-Hy dropsy che-Ethiostominae communities, in which the domi- 
nating positive reactions are to strong current and to rock bottom, and 
which possess a fair permanence due to minimized shifting effect of floods 
upon the rock bottom. 

2. Sluggish-water type. Depends upon soft bottom and slow current; 
decaying organic matter, accumulated on bottom, supports large quanti- 
ties of bacteria and, in addition. Protozoa, Rotatoria, Gastrotricha, 
nematodes, and Annelida; the microfauna so composed occurs either 
scattered or in isolated assemblages and is probably important to larger 
forms; pelagic communities composed of pelagic fishes and plankton; 
plankton does not constitute a complete area-occupying community; 
pelagic communities motile and remain in no fixed position in relation to 
bottom. 

In addition to the characters indicated above, the swift stream type 
contains many organisms showing (1) strong positive rheotaxis; (2) a 
definite requirement for current; (3) dependence upon firm, immobilized 
bottom materials for anchorage and construction; and (4) relatively 
sedentary habits (foods brought to them by current). 

In the sluggish-vrater type, the rooted, higher vegetation comes into 
prominence, and, among other things, it functions as support for many 
components of the biota. Pelagic and bottom faunas become more 
abundant and diversified; also, are relatively active and usually must seek 
their foods. 

Considering streams at large, it is possible to divide them into two 
general types, viz., intermittent and permanent. Intermittency is more 
common among the smaller streams but may occur even among streams 
large enough to be called rivers. Unfortunately, the biology of inter- 
mittent rivers of those regions having dry seasons during which rivers 
may disappear temporarily, to reappear with onset of the wet season, is 
still so imperfectly known that no discussion will be attempted here. 
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River faunas, in general, are composites of (1) components from tribu- 
taries, (2) ubiquitous species, and (3) true river species, found in rivers 
only. The typical river organisms are, for the most part, (a) fishes and 
turtles which are strong swimmers; and (b) heavy-bodied mussels and 
other burrowers which can resist strong currents, shifting bottoms, and 
accumulating drift (Pearse, 1939). Of the running-water series, only the 
rivers develop large fishes. 

Many studies of macroscopic bottom organisms of streams have been 
made, but the microscopic benthos is still, to a considerable extent, an 
unknown field. This lack of information is not the result of any failure 
to recognize the basic importance of the microbiota but rather is in part 
due to the newness of the subject and to the difficulties inherent in this 
kind of investigation. There is great need for work in this field. 

General Ecological Succession 

It is a well-known physiographic fact that the headwater region of any 
running-water unit or system migrates. Streams, in general, extend 
their length, as erosion proceeds, by continually cutting back at their 
source. Therefore, as time goes on, the young-stream conditions migrate 
upstream with the migration of the headwaters, and the next older set of 
environmental conditions likewise move upstream to occupy the level 
once occupied by the young-stream environment. In a similar way, all of 
the linear series of environmental conditions found in a stream or river 
of today have been and are still (barring special circumstances) moving 
along upstream. This migration is accompanied by a similar migration of 
the organic communities characteristic of each set of environmental 
conditions in the procession, since, when a particular environmental com- 
plex has shifted upstream and a different kind is following in its wake, 
the organisms occupying that particular level of the channel, finding 
themselves in increasing disharmony with the changing environment, 
solve the situation by following the migration of the particular habitat 
for which they are best fitted. In this way, the location of the upper por- 
tion of the series of environments and the corresponding series of organic 
communities has, in some stream and river systems, migrated long dis- 
tances in past ages. The speed of such a migration is dependent largely 
upon the rate of erosion and transportation of materials at the source and 
is a very slow process even when erosion and transportation are most 
active. Figure 50 and the accompanying explanation exemplify this 
phenomenon. While the diagram deals specifically with the linear series 
of fishes, it must be understood that the changes in the fish communities 
involved simultaneous similar changes in the assemblages of other animals 
living with the various fishes. The following section quoted from Shel- 
ford describes the general dynamics represented in the figure. 
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When Bull Creek was at the stage represented by the first stage in our dia- 
gram (which is represented by the present Glencoe Brook), its fish, if any were 
present, were ecologically similar to those now in Glencoe Brook in their rela- 
tions to all factors except climate. This ecological type is represented by the 
homed dace alone. As Bull Creek eroded its bed . . . the fish community of 
stage 1 was succeeded by a fish community ecologically similar to the fish com- 
munities at the localities marked 2. . . . The fish now ecologically representing 
this community are the horned dace and the red-bellied dace. The community of 
the single species, the horned dace, had at such a period moved inland. ... As 



Fig. 60. Diagrammatic arranKomont of the North Shore streams. The streams are 
mapped to a scale of 1 mile to the inch, and the maps are placed as closely together as 
possible in the diagram. The intermediate shore lines are shown in broken lines which 
bear no relation to the shore linos which exist in nature. Toward the top of the diagram is 
west. Each number on the diagram refers to the pool nearest the source of the stream 
which contains fish, as follows: 1, the creek chub (horned dace); 2, the redbelly dace; 3, the 
blacknoso dace; 4, the suckers and minnows; 5, the pickerel and bluntnoso minnow; 6, the 
sunfish and bass; 7, the pike, chubsucker, etc. The bluff referred to is about (>() ft. high. 
The stippled area is a plain just above the level of the lake. {From Chapman, “ Animal 
Ecology*' 1931, after Shelford; ** AnimM Ecology," McGravh-Hill Book Company, Inc,) 

erosion continued, the fish community ecologically represented by the horned 
dace and red-bellied dace moved gradually inland and was succeeded by a fish 
community . . . ecologically similar to that now found at the point 3. [On 
continued erosion] fish community 3 was then succeeded by a fish community 
ecologically similar to the fish community now present at point 4. . . . The 
fish communities I, 2, 3 have meanwhile moved inland and are arranged in the 
order which their ecological constitution required. 

The continuation of the process resulted in displacing a fish community 
ecologically similar to the fish community 4 by a fish community ecologically 
similar to the present fish community 6. This is represented in the lower waters 
of Bull Creek. 

An interesting development in the subject of the succession of stream 
communities centers about the contention of Shelford and Eddy (1929) 
that, contrary to the current belief of plant ecologists, “permanent 
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stream communities exist, undergo successional development, reach and 
maintain a quasi-stable condition, and manifest seasonal and annual 
differences, as do terrestrial and marine communities.” They insist that 
it is only the abandoned positions of the stream communities that develop 
ultimately into land communities; that streams are permanent just so 
long as the existing climate continues, which is the condition under which 
land communities form a climax. 

Productivity Features op Lotic Environments 

The quantitative features of plankton in lotic environments have 
already been presented (page 423). Productivity of the macroorganisms 
now deserves some comment. Work in this field, particularly in America, 
is so scanty and fragmentary that any broad discussion is impossible. 
Some of the general results of certain recent work will be presented, since 
they seem to have the possibility of wider application in the field of stream 
and river productivity. They may also offer suggestions as to the nature 
of some of the important problems which await more intensive work. 

Brooks and Creeks. P. R. Needham (1930) published results of work 
done on the ecology of the smaller streams in central New York, and 
among other things the following general features are stressed : 

1. Ordinarily, the distribution of aquatic animals in brooks and creeks 
is dependent largely upon (1) temperature of the water, (2) nature of the 
bottom, and (3) velocity of current. 

2. In general, smaller streams from source to mouth present two dis- 
tinct types of habitats, (1) pools, and (2) riffles. 

3. Riffle bottoms greatly exceed the pool bottoms in productivity. 

4. Fishes in brooks and creeks tend to seek the pools. The pools also 
act as catch basins for animals swept down from the riffles, these drift 
animals serving as food for the pool fishes. 

5. Of the various types of bottom which lack the higher aquatic vege- 
tation, silt bottom is most productive of small organisms; rubble, (joarse 
gravel, fine gravel, hardpan, and bedrock produced successively less in 
the order mentioned. 

6. Plant beds in smaller streams, when they occur, markedly affect 
productivity. Stream bottoms supporting growths of aquatic plants 
were found to be over seven times more productive than were stream 
bottoms bare of vegetation. 

7. Small, cold, head-water streams less than 7 ft. in width were found 
to be twice as productive per unit area as were streams which exceeded 
that width. 

8. In streams exceeding 18 ft. in width, the weight of the bottom 
organisms per unit area decreased 12 per cent from the maximum at shore 
line to the middle of the channel; in streams with widths less than 18 ft., 
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the organisms increased approximately 12 per cent from shore line to mid- 
dle of channel; in streams with width of 18 ft., the bottom organisms were 
quite evenly distributed over the entire bottom. 

These findings are, in some respects, not in complete agreement with 
similar work in other regions but indicate some of the important relations 
which exist in the region studied. It is probable that modifications of 
some of these conclusions will be necessary in order to make them apply to 
stream conditions at large. 

In a detailed study of the distribution and abundance of fishes in the 
small streams of Champaign County, Illinois, Thompson and Hunt (1930) 
found that the number of fish per unit area varies from seven per square 
yard in the extreme headwaters to two per square yard in the larger 
streams. However, this shrink in the number of fish downstream is more 
than counterbalanced by an increase in the average size of the individual 
fishes. 

Intensive, critical work on the fundamental problems of total stream 
productivity is greatly needed in America. There seems to be a basis for 
believing that, in a general way, the physical features of stream environ- 
ments are relatively more influential in streams than they are in lakes, 
but great care must be exercised in applying such a conclusion, since under 
some conditions the chemical features modify the whole composition of a 
stream or portions of a stream. 

Rivers. The discussions in this book have dealt, in so far as it has been 
possible, with the unmodified, uncontaminated natural waters. Unfor- 
tunately for any fundamental limnological consideration of rivers, prac- 
tical interests have directed virtually all of the river investigations toward 
pollution problems. This is particularly true of the long-continued, 
intensive researches, which, had they been done on uncontaminated 
rivers, would have yielded much of fundamental limnological interest. 
These investigations are full of extremely valuable results, but it is usually 
impossible to isolate the pollution influences sufficiently to reconstruct the 
original conditions. The Illinois River has received the most extensive 
and long-continued investigation of any large American river. In many 
respects, it is better known biologically than any other river in the world; 
but the pollution of this river is of such an age and of such a magnitude 
that most of the vast accumulation of information deals with an already 
contaminated water. Nevertheless, since the productivity of this river 
has been more extensively studied than any other, it seems desirable to 
consider it briefly here. Table 55 presents data on the production of the 
bottom fauna and weed fauna in the middle section of the river which is 
approximately the most productive section. A portion of Richardson's 
summary (1921) of extensive researches on the Illinois River is quoted 
here at length, since not only are the salient results so clearly and ade- 
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quately stated but also the summary includes a statement of many of the 
fundamental production influences and would be Important in directing, 
in part, an approach to limnological examinations of similar rivers or 
even, to some extent, of other types of rivers. 

The upper Illinois River is, under present conditions, mainly a mass of plant 
and animal weeds — forms which occupy the polluted waters to the practical 
exclusion of everything useful to human kind — but the current of this section 
carries elements of a normal fertility to the lower reaches of the river, deposit- 
ing a large part of them finally in the silts and sediments of river and lake in 
forms available for the nutrition of normal acjuatic life, but bearing also an 
immense quantity to the mouth of the stream where it escapes unutilized into 
the Mississippi. 


Table 65. Bottom and Weed Fauna, Illinois Riveb 
Middle section. Copperas Creek Dam to Lagrange; distance, 59.3 miles (1915) 
Modified from Richard&m {1^21) 


Areas 

1 

Approx- 

imate 

acreage 

Bottom and weed fauna, 
lb. per acre 

Total 
stocks 
bottom 
or weed 
animals, 
lb. 

Hypothetical fish 
yield, lb. at 6:V 

Bot- 

tom 

Weed 

Bottom 
and weed 

Total 

Per 

acre 

1^]] lione** 

5,900 

705 



4.159,600 

831,900 

141 

Lakes,^ all sunea (bottom 







fftiifiA only} - . . 

52,760 

255 



13,453,800 

2.690,760 

6] 

Lakes, 0-4 ft. (weed fauna 







only) 

29,700 


2,118 1 


62,904.600 

12,580,920 

423 

All lake area (bottom and 








weed fauna) 

52,760 



1,447 

76.358,400 

15,271,680 

289 

Total acreage 

61,900 



1,300 

80,517,900 

16, 103,580* 

260* 


» Feeding ratio (6 : 1) is iJie estimate of Walter for carp and carplike fisiies and is close to estimates for 


trout. 

* Lakes referred to arc those itn mediately associated with the river. 

* Actual catch in this district in 1908 was 1 1,0.'»0,000 lb., or 178 lb. per acre. 

The river system below Chillicothc varies enormously in the productiveness 
of its different parts, the richest of them being the weedy margins of the shallower 
lakes, and the poorest those sections of the river channel which are swept com- 
paratively bare of sediments by a relatively swift flow. In the river itself, 
much the most abundant product is found where the current is most sluggish, 
and the bottom sediments are consequently deepest and are most heavily charged 
with organic materials originally washed into the stream by rains or poured into 
it by sewers of cities and towns and transformed by oxidation into compounds 
suitable for the nutrition of clean-water plants and animals. 

In a stretch of the river above Havana, which, with its adjacent lakes, is the 
richest part of the Illinois River system, the inshore and bottom fauna of the 
lakes averages in weight to the acre about twice as much as that of the river, and 
it is in the lakes that the fisheries give their highest 3deld. The bottom soils 
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of the lakes are, indeed, richer in organic matter, as a rule, than are those of the 
river opposite, and the muds of the marginal waters of these lakes are richer than 
those of their deeper parts — facts traceable, in part, no doubt, to the more 
abundant light and higher temperature of the shallower waters and the conse- 
quent greater growth of plants whose decay enriches the soil from which they 
sprang. 

At ordinary high-water levels, the current of the river from Chillicothe to the 
mouth varies from 1 to 2 miles per hour, according to the slope of the bottom, 
the width of the bed, and the presence or absence of obstructions; and at the 
highest water it does not much exceed 3 miles per hour for any important dis- 
tance. At ordinary midsummer levels, the current rate per hour varies in differ- 
ent sections from a mile to 1 mile. At lowest water, it drops, between Chilli- 
cothe and the foot of Peoria Lake, to as little as 0.29 miles per hour. 

Above Havana the bottom, both along the shores and in the channel, is, 
with some exceptions, a rather deep black mud; but below Havana, this shades 
gradually into hard clay or sand and shells, soft mud failing completely in the 
channel for long distances. The quantity of inshore vegetation is negligible in 
the river proper, even in the driest seasons, since the opening of the sanitary 
canal of the Sanitary District of Chicago in 1900. The bottom-land lakes 
between Copperas Creek and Lagrange are gradually filling with river silt and a 
growth of plants. A few have sandy bcacdies next the eastern bluffs, but the 
bottoms of all are otherwise of deep black mud, mixed in the shallow water along 
shore with coarse rotting vegetation. In midsummer, the margins of all the 
deeper lakes, to a depth of 4 to 0 ft., are well supplied with vegetation, while the 
shallower lakes are in many cases weedy over their entire acreage. 

From Chillicothe to Lagrange, the animal life of both channel and shore waters 
is almost wholly mollusks (86 to 99 per cent in collections made); but below 
Lagrange, insect larvae (caddis worms and May-fly larvae) were more abundant 
than above in the shore muds, the ratio of mollusks falling to 31 to 65 per cent. 
In the deeper, opener lakes, mollusks made 77 to 96 per cent of the collections; 
and in the shallower, more weedy lakes, 36 to 79 per cent. 

Speaking generally, the richest sections of the river floor are those with the 
least average slope and the slowest current and, therefore, with the most abun- 
dant sediments. The quantity of the bottom fauna diminishes rapidly down- 
stream from Chillicothe, averaging 555 lb. to the acre for the upper 60 miles (the 
weight of the shells of the mollusks being in all cases deducted), 88 lb. for the 
42^ miles next following, and 10.4 lb. for the lower 77 miles. The general 
average for the river channel from Chillicothe to the mouth was 261 lb. per acre. 
That for Copperas Creek to Lagrange, within which section lay the 12 principal 
lakes studied, was 705 lb. per acre; and the highest sectional yield was 2,693 lb. 
per acre between Copperas Creek and Havana. The highest local yield was 
found in the lower half of this Copperas Creek-Havana section, whose channel 
product rose to 5,196 lb. per acre. These enormous yields in the stretch above 
Havana were evidently due, at least in great measure, to the sluggish current 
and consequent heavy sedimentation and to the great predominance (99 per 
cent) of relatively large, thick-shelled snails, edible only by the larger fishes, 
armed with a powerful crushing apparatus in jaws and throat. 
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In the muddy section of river above Havana, the channel yields approximated 
or even surpassed those of the shallow water alongshore; but below Havana, 
where mud is largely replaced by sand, clay, or shells, the channel yields were 
only 5 to 10 per cent those of the longshore zone. 

Comparing river and lakes between Copperas Creek and Lagrange (59.3 
miles), we find that the average bottom yield per acre of 12 lakes examined was 
about one-third that of the river opposite them but that it was practically the 
same as the average for the entire river from Chillicothe to the mouth. The 
deeper lakes with sandy beaches at one side yielded about twice as much per 
acre as the shallower lakes with mud banks all around. 

In the deeper bottom-land lakes surrounded by mud banks, the shore belt, 
to a depth not exceeding 6 ft., yielded about three times as much bottom fauna 
per acre as the deeper open water of these lakes; but in the sand-beach lakes, 
this relation was reversed, the deeper bottom yielding five or six times as much 
as that within the 6-ft. line. 

The foregoing statements all apply to the animals living in or on the bottom 
muds; but in the shallow, weedy areas of lakes and backwaters, the small inverte- 
brate animals living on and among the weeds greatly exceed both in number and 
in weight per acre the fauna of the bottom itself, aggregating in many collections 
made near Havana in 1914 from 1,100 to nearly 2,600 lb. per acre, with an average 
of 2, 11 8 lb. — quantities to be compared with an average of 255 lb. of bottom fauna 
per acre from the lakes of the same district. 

Combining weed and bottom faunas of our collections and applying their 
joint averages to the entire area of lake and backwater between Copperas Creek 
and Havana, we get a yield of 1,447 lb. per acre, to be compared with 705 lb. 
per acre for the unusually rich sections of the river opposite. 

From analyses of the bottom muds of the river channel and estimates of the 
nitrogen content of total bottom fauna per acre, it appears that the nitrogen in 
the river sediments is many hundred times the nitrogen of the flesh of the animals 
living in them and that the total dry organic matter in the channel muds is 
several thousand times the dry weight of this bottom fauna. 

Chemical analyses show that the bottom soils of the lakes are richer in organic 
matter than those of the river opposite them and that in the lakes themselves 
the bottom soil is richer near the shore than at the center. 

The plankton of the river passing Havana in a yeai* amounts to about 200,- 
000 tons live weight, equivalent to 4,000 to 10,000 tons dry weight. This is, 
roughly, 20 to 50 times the total dry weight of the flesh of the animals of the 
bottom muds of the lakes from Copperas Creek to the mouth, a distance of 
138 miles. 

An estimated total of 600,000 tons dry weight of organic matter, suspended 
and dissolved, passed Chillicothe in 1914. This is 60 to 1^0 times the dry weight 
of the plankton that passed Havana in 12 months (1909 and 1910) and 3,000 
times the dry weight of the total bottom fauna of 1915 from Copperas Creek to 
the mouth of the river. The dry weight of nitrogen in the above organic matter 
was sufficient to replace the nitrogen in the plankton of a year from 92 to 232 
times. 

The plankton per cubic meter of water was greater throughout the year in 
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Thompson Lake than in the river opposite in 1909 and 1910, the difference being 
greatest at times of lowest production (midsummer and winter) in both river 
and lake. 

The river plankton is constantly settling to the bottom to an important 
degree, as is shown by the composition of the bottom ooze and by the stomach 
contents of small invertebrates living on and in it. In June, 1914, living, mori- 
bund, or recently dead limnetic plankton was more abundant in the upper layers 
of the ooze than the normal bottom plankton or old organic detritus, as was 
shown by the food of Sphaeriidae, Trichoptera, and Chironomidae, and it made 
also an important part of the food of large detritus-eating gastropods (Vivi- 
paridae, Pleuroceridae, etc.). 

There is a much greater loss of plankton downstream than can be explained 
by dilution merely. The falling off in plankton per cubic meter between Havana 
and Grafton amounted, during nine months of the growing season, to approxi- 
mately 62 per cent, notwithstanding the normal rate of multiplication of the 
planktons as they passed downstream. These losses were greatest when the 
current was slowest and settling consequently easiest. They were not due to 
lack of food, because the percentage of nitrogen and the nitrates increased from 
Havana downward. 

In a later paper, Richardson (1928) presented further studies on the 
productivity of various sections of the Illinois River. Increasing pollu- 
tion had caused clean-water conditions to recede much farther down- 
stream. As a result, various marked changes were taking place in the 
bottom fauna of the various parts of the river affected, and these changes 
were studied in detail. He concluded that, except where the pollution 
is very heavy, the small bottom animals, on the whole, constitute a 
better index of the fundamental or permanent sanitary conditions of 
the water than docs the frequently rapidly changing dissolved oxygen 
or the plankton. 

It should be pointed out that owing to the very slow current in much 
of its course, to the associated lakes and other extrachannel waters, and 
to other circumstances, the Illinois River is, in some respects, not typical 
of rivers in general. It must not be expected that its features of pro- 
ductivity will be commonly repeated in all rivers at large. However, the 
splendid work of Forbes, Richardson, and others on this river is outstand- 
ing and will serve as a background and a guide to investigations on rivers 
for some time to come. 

The reader who desires to go further into the productivity of rivers is 
referred to the bibliography (page 505) for citations. 

Rivers wholly free from pollution are now either difficult to find or 
remote from the more populated regions. Contaminations commonly 
mask or modify the original productivity. It is hoped that the future will 
produce some fundamental research on unmodified running waters of true 
river magnitude. 



Table 56. Food of Bottom Invertebbates, Illinois Rtver Channel, at Havana, July, 1914 
Food found in the stomachs of plankton feeders 
Modified from Richardson (1921) 
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Flaty hd^nthee : 

Planarian i None ■ A few Mdowra ' Coelattruin 

1 Nwinal protosoan inhabitants of the thin-bottom ooxe. 
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Biotic Potential and Environmental Resistance 

The subject of biotic potential and environmental resistance in lotic 
situations is as yet unorganized and almost unknown. Therefore, only 
certain very general comments can be made here. The severity of most 
lotic situations is self-evident. The hazards of current, molar agents, 
floods, droughts, varying water level, ice action, and other exigencies 
characteristic of running waters in general must result in great mortality 
in the biota. A high biotic potential seems certainly to be a necessity 
for any organism which is to maintain itself permanently in lotic sur- 
roundings. Where the environmental severity imposes such a resistance 
to the success of organisms, only a biotic potential sufficiently high to 
insure an excess over the mortality can make possible a biota for these 
situations. Since, in some surroundings at least, the productivity of 
running waters is fairly high, the biotic potential is evidently of high 
magnitude. 
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solubility, 101 

sources, 98 

Carbon dioxide tension, 197, 212 
Carbon monoxide, 105, 199 
Carbon-nitrogen-phosphorus ratio, 203 
Carbonates, 199 ^ 
bicarbonate, 99, 102, 122, 199 
monocarbonatc, 99, 102, 122, 196 
Carex, 299, 303, 305 
lasiocarpa, 392, 398 
Carex association, 399 
Caroga, Lake, 248 
Carpenter, 15, 155, 290 
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Casperi, 26 
Caspian Sea, 17 
Cat-tail y 299 
Catalyst, 205 
Caterpillar, rapids, 144 
CentrapyxiSf 331 
Centroapluieria facciolaea, 194 
Ceratiumy 85, 237, 267 
hirundineUay 229, 262 
Ceratophyllufiiy 195, 298, 303 
demersurriy 302 
Ceratopogonid larvae, 331 
Cercariae, 224, 225 
Ceriodaphniay 269 
Cetacea, 139 
Chad, Lake, 17 
Chaetogastefy 329 
ChaetonotuSy 184, 329 
Chaetophoray 419 
Challenger Expedition, 4, 34 
Chamaedaphney 362, 363, 398 
calyculaiay 392 

Chamaedaphne association, 399 
Chandler, 428 
Chaoborus (see Corethra) 

Chapman, 120, 348, 349, 352, 370, 375, 
381, 412 
Chappius, 12 

Charay 300, 301, 303, 304, 376 
lime deposition by, 194 
in ponds, 370 
in streams, 419 
Chora criapay 302 
fragiliSy 181 
Characeae, 294, 300 
Characetuniy 300 
Chelan Lake, 18 
Chemical conditions, 92, 180 
bog lakes, 387 
ponds, 368 
streams, 411 

Chemical stratification, 134 
Chemical transformations, 185 
Chemistry, 10 

Chironomidae, 160, 218, 224, 326, 333 
ChironomuSy 185, 339, 344 
depth distribution, 327 
profundal fauna, 322, 338 
Chironomos fasciventrisy 184 
plumosusy 184 
ferrugineovittatus, 184 


ChiranomuB terUanSy 184 
tUahemiSy 184 

ChiroUmetes (l8onychia)y 149, 152, 167 
ChlamydobacterialeB, 282 
ChlorachromonaSy 258 
Chlorophyll, 172, 174, 204 
a and 6, 172 
bacteriochlorophyll, 172 
quantity of, 174 
Chomkovic, 208 
Chordata, 221 
Christenson, 169, 178 
Chromatic adaptation, 175 
Chromogenics, 290 
ChroococcuSy 268 
Chumley, 7 
Church, 61 
Chydorus pigeVy 329 
Ciliata, 329, 338 
Cilluels, 422 

Cladocera, 269, 278, 323-325 
adaptations to bottom ooze, 323 
in bog lakes, 395 

change of body form, 261-263, 266 
distribution, 228 

diurnal movements, 243, 246, 248, 249 
as food fpr fishes, 277 
infraneuston, 165 
in mat-impounded water, 397 
method of feeding, 268 
in mountain streams, 422 
in ooze film, 323 
plankton, 224 
relation to magnesium, 204 
in tundra water, 227 
Cladophoray 194, 302, 303, 304 
in swift streams, 419 
Cladophora glomeratay 302 
Clams (mussels), 160, 176, 177, 186, 209, 
214, 321 

effect of erosion silt on, 418 
lime formation, 196 
shape of body, 167, 158 
Clarke, F. W., 412 
Clarke, G. L., 78, 210, 260 
Classification, of bottom deposits, 25 
of lakes, 63, 70, 101 
bound carbon dioxide, 101 
depth distinctions, 63 
Clausen, 156 
Cleary, 186 
Clemens, 149 
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dements, 352 
develand, 181 
dinging, provisions for, 158 
ClosUrium, 258 
Ck>balt, 205 
CocconeiSf 258 
Coefficient, Alms’ Fb, 358 
compressibility, 34 
fineness, 148 
rolling, 44 

Goelenterata, 220, 223, 224 
Coelospkaerium, 237, 257, 268, 270, 274, 
275 

Coker, 35, 249, 265 
Cole, 186 
Coleman, 60 
ColepSj 184 
hirtusy 184 
CoUembola, 164, 221 
Colloids in bog lakes, 385 
Color of water, 81-84 
apparent, 84, 85, 87 
bleaching, 86 
bog lakes, 387 
effect of depth on, 82, 83 
effect of, on light, 82 
methods of measuring, 86 
seasonal changes, 86 
substances producing, 85 
vertical distribution, 85 
Color standards, Forel, 86 
Cotpidium, 184, 211 
Ck)mmunities, science of, 3 
Compensation depth, 175 
Compensation point, 175 
Compressibility, 34, 143 
Compressibility coefficient, 34 
Concentration zone, 239, 328, 330, 335 
Conductivity, 123 
thermal, 47 
Conger, 104, 200 
ConochiltLS, 269, 270 
unicornis, 268 
Constance, Lake, 94 
Consumers, 200, 349, 350 
Contamination, effects of, 359 
Convection, 48, 64 
Cook, 4 
Cooper, 133 

Copepoda, in bog lakes, 394, 395 
in bog mats, 397 
bottom organisms, 323 


Copepoda, diurnal movements, 243, 246, 
249 

food of, 270 
as food for fishes, 277 
geographical distribution, 228 
method of feeding, 268 
in mountain streams, 422 
plankton, 224 
in ponds, 378 

in psammolittoral zone, 324, 331, 332 
streamline form, 153 
Copper, 110, 205 
Coregonus dupeaformis, 312 
Corethra (Chaoborus), bottom stagnation 
effect, 337 

depth distribution, 326, 327 
diurnal movement, 168, 243, 248 
lake types, 344 
plankton, 224 
plumicomis, 246 
profundal benthos, 322 
pundipennis, 184, 246 
relation of, to dissolved oxygen, 185 
to turbidity, 177 
seasonal relations, 335 
temperature toleration, 168 
Corixidae, 151 
Cornish, 38 
Cosmarium, 268, 331 
Cosmopolitanism of plankton, 227, 394 
Cothumia, 184 
Craspedacusta, 224 
Crater Lake, 18, 62, 106 
Crayfishes, 196 
Creaser, 156, 171, 413 
Creek, 13 
Crisp, 146, 166 
Cristivomer namaycush, 313 
Crustacea, diurnal movements, 243, 251 
as eaters, 208 
epidemics among, 188 
food of, 441 
periphyton, 333 
plankton, 224, 225, 309 
in ponds, 375 
in profundal regions, 184 
Crustal movements, 17 
Cryptomonas, 240 
Crystal Lake, 285 
Cultus Lake, 201 

Current demand of aquatic organisms, 
157. 
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Currents, 22, 234 
density, 36, 179 
effect on plankton, 234 
elimination of surface breathers, 418 
horizontal, 38 

influence of, in streams, 415, 416 
returning, 38, 39 
vertical, 38 
Cyclomorphosis, 261 
Cyclops, chemical analysis, 274, 275 
diurnal movements, 246, 248, 249 
dry weight, 271 
food of, 270 
microbenthos, 329 
plankton, 257 
in ponds, 378 
streamline form, 153 
vertical distribution, 242 
Cyclops agilis, 329 
hicuspidatus, 184, 247, 338 
leucharti, 329 
serrulatus, 229 
Cydotella, 258, 270 
Cypria, 329, 338 
exsculpta, 184 
lacvstris, 184 
Cystine, 113, 208 

D 

Dachnowski-Stokes, 383 
Dakin, 207 
Dalton’s law, 93 

Danish lakes, 8, 194, 260, 265, 316, 352, 
374, 375 

Daphnia, chemical analysis, 274 
diurnal movements, 247, 248, 249, 250 
effect of turbulence on, 163 
food of, 269 
gravity relations, 242 
plankton, 257 

seasonal changes of form, 263, 265^ 
Daphnia cucullata, 262, 265 
hyalina, 237, 246, 266, 271, 274 
longispina, 229, 246, 247, 266, 271 
magna, 210 

pulex, 246, 247, 252, 275 
retrocurva, 246, 274 
Darby, 372 

Darwinula stevensoni, 329 
Davenport, 287, 289 
Davidson, 201 


Davis, 382, 383 
Dead water, 150, 151 
Decadon, 392 
Decomposition, 96, 128 
of bottom deposits, 135, 136 
and carbon dioxide relations, 99 
rate of, 136 

Decomposition gases, 124, 129, 385 
Decomposition zone, 139, 140 
Deer, 306 
Deevey, 339, 343 
Dendy, 417 
Density, 34, 69, 143 
effect on, of dissolved substances, 35 
of pressure, 34 

of substances in suspension, 36 
maximum, 35 
pressure variations, 34 
temperature variations, 35 
Density currents, 36, 179 
Depression individuality, 58, 132, 239, 
321 

Depth, 142 
average, 142, 355 
compensation, 175 
plant limitations, 300 
of ponds, 371 

and productivity relations, 361 
Desmids, 333, 374, 394 
Detritus, 176, 222 
Devils I.akc, 106, 1 13, 274, 275 
Diaphanosoma brachyurum, 242, 246, 248 
Diaptomus, chemical analysis, 274 
diurnal movements, 246, 248, 249 
dry weight, 271 
as food for Copepoda, 270 
geographical distribution, 228 
and gravity relations, 242 
microbenthos, 329 
plankton, 257 
streamline form, 153 
IHapiomus hirgei, 247 
marshi, 228 
Diatoms, 219 
in bog lakes, 394 
chemical analysis, 274 
in ooze film, 323 
periphyton, 325, 333 
plankton, 257, 258 
as plankton feeders, 441 
in ponds, 374 

in psammolittoral zone, 331 
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Diatoms, and silicon relation, 200 
in streams, 421, 422, 426 
use of dissolved substances by, 206 
Dice, 252 
Dichothermy, 63 
Dichothrix calcarea^ 194 
Difflugia^ 184, 331 
Dilepius gidas^ 329 
Dineutes discolor y 156 
Dinohryoriy 262, 270 
Discontinuity layer, 59 
Diseases, 188 

Dissolved gases, 92, 103, 128, 170, 

385 

in bog lakes, 387 
effect of, on plankton, 241 
equilibrium of, 92 
in natural waters, 94 
season cycle, 123 
solubility of, 93 
in streams, 411 
Dissolved materials, 12^, 130 
and light relations, 77 
Dissolved organic matter, 110, 111, 113, 
205, 350 

productivity index of, 357 
Dissolved solids, 106, 199 
in bog lakes, 388 
inorganic, 107 
inorganic nitrogen, 199 
organic, 110 
in ponds, 370 
in streams, 411 
Dissotrocha macrostylay 329 
Distribution, of fresh waters, 12 
of organisms, 161 

Diurnal movements, age influence, 248 
causes, 250 
character, 249 
examples, 245 
horizontal, 249 
My sis relictay 310 
nature and extent, 243 
plankters, 243 
plankton, 234, 243 
seasonal differences, 247 
sex influence on, 248 
speed, 247 
types, 244 

Dodds, 153, 415, 416 
Domogalla, 107, 108, 111-113 


Douglas Lake, 23, 51, 54, 56, 68, 119, 126, 
132, 133, 136, 158, 162, 184, 195, 239, 
310, 313, 317, 321, 324, 326, 328, 329, 
331, 332, 338, 399 
Dragonfly nymphs, 177 
Drapamaldiay 419 
DrepanocladtiSy 303 
psevdo-fluitansy 300 
Drepanothrix dentatay 329 
Drift biota, 417 
Drummond, 278 
Dryopidae, 146, 166, 294 
Duckweed, 298 
Dutton, 175 
Dynamics, shore, 19 
Dystrophic lakes, 218, 343-346, 366 
characteristics, 344 
Dystrophication, 354 
Dytiscidae, 161 

E 

Earthworms, 186 
Ecology, aquatic, 10 
definition, 3 
individual, 3 

Eddy, 35, 61, 62, 310, 379, 420, 424, 430, 
432, 434 

Edward, Lake, 62 
Eclgrass, 299 

Eggleton, 133, 142, 184, 310, 317, 327, 
328, 330, 336, 337 
Ehrcnberg, 5 
Einsele, 361 
Ekman, 316 
Elasticity of water, 34 
Electrolytes, 122, 123, 344, 372, 392 
Ehocharisy 305 
Elevation of lakes, 18 
Ellis, 176, 182, 199, 410, 413, 418 
Elodea (see Anacharis) 

Elophyla fulicaliSy 152 
Enchelysy 184 

English Channel, thermocline in, 62 
English lakes, 281 / 

Enrichment, artificial, 359 
Entomostraca, 166, 221, 379 
in streams, 421, 422, 426 
Environmental factors, 347, 348 
Environments, classification, 413 
evolution of, 14 
fresh-water, 12 
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Einvironmentts, lentic, 18, 868 
lotic, 18, 402 

contrasted with lakes, 406 
migration of, 13, 433 
EpeoruB, 152 

EphemereUa doddsij 158, 159 
EphydaUa fluviatilisy 155 
Epidemics, 188, 292 

Epilimnion, 39, 40, 44, 50-53, 58, 356 
Epischura lacuatriSf 246 
Epithalessa, 59 
Erie, Lake, 18, 61, 339 
ammonia, 105 
benthos, 322, 328 
compensation point, 175 
dissolved solids, 106 
seiches, 41-43 
thermocline, 57, 61 
varves, 27 

(See also Great Lakes) 

Esaki, 208 

Essential substances, 216 
season cycle, 123 
Ether extract. 111, 113, 276 
Ethology, 3 

EuhranchipiLS vernaliSy 375 
Euclid, 5 
Euplankton, 226 
Euthermic animals, 1 (>8 
Eutrophic lakes, 141, 268, 343, 345, 346, 
353 

characteristics, 142, 344 
redox potential, 218 
surface tension, 46 
Eutrophication, 352 
Evaporation, 47 

F 

Factors, environmental, and law, of 
limitation, 348 
of operation, 347 
Fairy shrimp, 378 

Fall overturn, 50, 59, 130, 185, 259, 335 
False bottoms, 385 
Fats, 11, 113 
Fauna, in ponds, 375 
seasonal succession, 376 
in streams, 432 
variations in, 376 
Ferrida (Ancylus), 152 
Fertilisers, 360 
artificial, 188, 360, 361 


FUinia (Triarihra), 269 
longisekif 229, 268 
Filling processes of lakes, 14 
Fineness, coefiicient of, 148 
Fish, 9 

Fish Commission, Michigan, 9 
Fishes, 310, 341, 344, 350, 358 
absence of, 396 
alkali reserve, 215 
anaerobiosis, temporary, 186 
communities of, 313 
dissolved organic matter, 207 
dissolved oxygen requirements, 182, 
188 

distribution of, 162 
linear, 431 
vertical, 312 

effect on, of ammonia, 199, 200 
of carbon dioxide, 189, 190 
of hydrogen sulfide, 198 
toxic, of blue-green Algae, 261 
factors limiting, 381 
food value, 275 
in Great Lakes, 312, 313 
hy<lrogen-ion concentration, 213, 214 
influence on, of artificial fertilizers, 360 
of depth, 233 
in ponds, 375 
rendered sterile, 358 
streamline form, 148, 149, 151, 153 
temperature, body, 166 
turbidity, relation to, 179 
vitamin requirements, 216, 217 
water current, reactions to, 156 
Flathead Lake, 9, 281 
Flocculation, 179 

Flotation, accessory provisions, 146 
precision, 146 
Flotation phenomena, 143 
Fogg, 198 
Fol, 78, 79 
Fontinalis, 419 
Food, 176 
and bacteria, 342 
basic cycles, 351 
of bottom invertebrates, 441 
circulation of, 340-342 
consumers of, 349, 350 
effect of, on plankton, 240 
of plankton, 267, 270 
Food-producing class, 349, 350 
Forbes, Edward, period of, 4 
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Forbes, S. A., 9, 840, 406, 430 
Porebody, 148, 150, 161 
Forel, 6-8, 15, 16, 41, 42, 63, 66, 73, 74, 
78, 86, 316 
Fowler, Lake, 274 
Fox, 167, 416 
FragUaria^ 237, 267, 421 
Fred, 118, 120, 281, 283-285, 287, 289 
Freezing-out effects, 170 
Fritsch, 6, 7, 343 
Frogbit, 298 
Prohne, 306 

Frfmtonia kticcia, 184, 329, 338 
Pry, 190 
FuUer, 133 
Fungi, 219, 280, 292 
flocculi, 179 
parasites, 293, 294, 326 
plankton, 223 
saprophytes, 293 
supraneuston, 164 

G 

Gaarder, 209 
Gail, 75, 78 

Galisoff, 421, 422, 426, 427, 429 
Gams, 353 
Gas disease, 198 
Gases from air, 94, 98 
Gastropoda, 326 
OcistroptLSy 421 

Gastrotricha, 184, 220, 224, 324, 331 
Gates, 382, 383, 392, 397, 399 
Gellis, 210 

Geneva, Lake, 41, 73, 78, 316 
Geneva Commission method, 73 
Geology, 10 
Geotropism, 252 
Gerridae, 164, 221 
Gessner, 367, 391 
Glacial action, 17 
Glacier worms, 167 
Otaucomat 212 
Qlenodinium, 270 
Glochidia, 225 
Gloeocapaa, 194 
Gloeolrichia, 91, 232, 242, 333 
echinidata, 261 
Glubokoji, Lake, 127, 284 
Glycogen, 186 
Ooera cdlmraJta^ 161, 416 


Oomphoaphcteria, 270 
Gomphua, 160 

Goni€ha8t8--'Hpdrophych€ community, 339 
Gordius^ 166 

Gorham, 387, 388, 391, 393, 396, 401 

Graham, 281 

Gran, 209 

Grasswrack, 298 

Gravity, 262 

and plankton relations, 242 
Great Bear Lake, 227 
Great Lakes, 8, 21 
bacteria, 289 
bottom fauna, 328, 330 
bottom temperature, 62 
depth stratification of fishes, 311 
hydrogen-ion concentration, 119 
microbenthos, 322 
Mysia relida^ 310 
seiches, 41 
size of, 17 
smelt, 166 

thermal stratification, 61 
tides, 40 

vertical currents, 38 
whitefishes, 312, 313 
Great Slave Lake, 227 
Green Lake, 106, 113, 274, 275, 301, 313, 
350, 351 

Greenbank, 81, 82, 84, 188 
Gross, 361 
Ground ivy, 297 
Grover, 249 

Growth factors, accessory, 216 
vitamins, 216 
Gulf of Mexico, 202 
Gull Lake, 9 
Gunther, 278 
Gymnodiniumf 270 
Gyratrix h. hermaphroditus, 329 
Gyrinidae, 151, 156, 164, 221 

H 

Haeckel, 6 
Haemoglobin, 186 
HageniuSf 160 
Haliplankton, 226 
Haliplidae, 161, 294 
Hcdophila, 298 
Hard-water lakes, 102 
Harding, 47 
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Hardman, 45, 46, 164, 165 
Harnish, 383, 388, 393, 394 
Harpster, 146, 165 
Harris, 372, 381 
Harris, J. P., 162 
Harvey, 80 
Hasler, 309, 361 
Hatch, 156 
Heat, 64 
through ice, 72 
of vaporization, 47 
Heat budgets, 64, 66, 176 
annual, 65 
bottom, 72 
computation of, 65 
crude, 65 
gross, 65 
of lakes, 67 

summer heat income, 65 
wind-distributed heat, 65 
Heat exchanges between water and basin, 
71 

llebridae, 164 
Hcleoplankton, 226, 420 
Heliotropism, 252 
Hcllstrom, 43 
Helmet Lake, 285 
Hemiptera, aquatic, 224 
Hemistreamline form, 152, 157 
Henrici, 282, 284-286, 290 
Henry’s law, 92 
Hensen, 6, 8, 223 
Hentschel, 62 
Herdman, 4, 34, 347 
HeterantherOf 303 
dulria, 302 
Heterocopet 270 
Hexagenia, 160 

Hexagenia-Oeceatis community, 339 

Hcxiology, 3 

Higgins, 176 

High-water marks, 19 

Hile, 133 

Hinman, 181, 209 

Hippuris vulgariSt 297 

Hisaw, 153, 415, 416 

Histidine, 113, 208 

Hoffman, 302, 304 

Holopediunit 274 

Holoplankton, 226 

Holstein lakes, 8 

Hora, 151, 153, 154, 413 


Horizontal currents, 38 
Horned pondweed, 298 
Hornwort, 298 
Hotchkiss, 296, 306 
Hottonia paluatriSt 298 
Houghton Lake, 17 
Houssay, 148 
Hubault, 415 
Humus, 85, 345, 346 
humic materials, 344 
Hunt, 436 

Huron, Lake, 18, 61, 106 
(See alao Great Lakes) 

Hutchinson, 63, 164, 204, 216-218, 278, 
308, 358 

Hydra, 142, 160, 161, 165, 221, 223, 306 
Hydracarina, 220, 323, 324, 327 
Hydrobiology, 10 
Hydrocharis Moraua-rana£t 298 
Hydrofuge structures, 146, 166 
Hydrofuge surfaces, 164 
Hydrogen, 104, 105, 136 
Ilydrogen-ion concentration, 114, 124, 
129, 210 

abrupt transitions, 121 
bog lakes, 390 
buffer effect, 121 
changes, 119, 120 
environment index, 212 
expression of, 116 
influence of, 210, 21 1 
ionic hypothesis, 114 
limiting factor of, 212 
measurement, 117 
pH scale, 116 
in ponds, 371, 372, 377 
range, 119, 213 
response to, 213 
in streams, 413 
substances yielding, 118 
toleration, 214 
Hydrogen sulfide, 198 
Hydrography, 3, 10 
Hydromermiat 184 
Hydrometraj 164 
Hydrometridae, 164, 221 
Hydrophilidae, 151 
Hydropayche, 339 
Hydrosphere, 3 
Hydrozoa, 324 
Hypalmyroplankton, 226 
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Hypolimaion, 40, 44, 60, 61, 63, 66, 68, 
366 

Hypothalessa, 59 

I 

Ice, expansion of, 48 
gain of heat, 48 
in relation to light, 81, 82 
specific heat, 48 
suffocation under, 188 
thermal conductivity, 48 
thermal relations of, 48 
transmission of heat, 48 
Ice action, 23, 24 
Icc jams, 23, 24 
Ice ramparts, 24 

Illinois River, 9, 308, 405, 420, 421, 423, 
425, 429, 436, 437, 440, 441, 445 
IlyocryptuSf 323 
Implosion, 33 
Incomplete overturn, 52 
Index organisms, 339 
Infrancuston, 164, 221 
Infusoria, 153 

Inland waters, distribution of, 12 
early investigations of, 8 
extent, 12 

Insect larvae, 221, 324, 331 
Insecta, air stores, 165 
anaerobiosis, temporary, 186 
benthos, 321 
in bog lakes, 396 
distribution by water, 161 
food of, 431 

hydrofuge structures, 146 
in ponds, 375 
in profundal regions, 184 
in psammolittoral zone, 324 
in relation to acquatic plants, 306 
seasonal changes, 335 
Insolation, 69 
Inverse stratification, 61 
Iodine, 205 
Ionization, 115 
Iron, 153 
Iron, 85, 110, 204 
in bog lakes, 388 
and oxygen relation, 97 
Irwin, 307, 397 

Isonychia (Chirotonetes), 149, 152, 157 
Ithytricha confusa, 152 


J 

James, 85 
Jenkin, 175 
Jennings, 228, 322 

Jewell, 213-215, 377, 380, 388-390, 413 
Jobes, 215 
Johnstone, 34 
Jones, 309 

Juday, 8, 9, 66, 68, 70-72, 75, 76, 79-85. 
99, 101, 104, 107-109, 111-113, 120, 
123, 135, 136, 175, 180, 181, 184, 202, 
208, 237, 250, 254, 257, 258, 260, 270, 
272-276, 289, 291, 350, 351, 357, 389 

E 

Kanause, 292 
Karrer, 154 

Karzinkin, 127, 283, 284 
Kawaguesaga, Lake, 274 
Kegonsa, Lake, 276 
Kellicottia longispina, 247 
Kemmerer, 62 

Keratella (Anuraea), 269, 421 
aculeata, 237, 268 
cochlearis, 237, 247, 263, 268 
Kindle, 89, 194 
King, E. J., 201 
King, H., 407, 408 
Kirks ville Green Lake, 317 
Kivu, Lake, 204 

Klugh, 74, 170, 171, 308, 356. 372, 
413 

Knudsen, 74 
Koclz, 312 

Kofoid, 9, 307, 308, 322, 405, 420, 421, 
423, 427 
Roller, 208 
Kostomarov, 208 
Krecker, 322, 328, 379 
Kricger, 420, 427 
Krizcnecky, 208 
Krogh, 209, 210, 260 
Kusnetzow, 127, 283, 284 

L 

Lackey, 261 
Lacrymaria, 184 

“Lake as a microcosm, The,“ 340 
Lake Laboratory, Allis, 9 
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Lakeii, African, 62, 228 
Alaskan, 136 

Alpine, 8, 227, 248, 249, 261, 321 
bog, 46, 119 

bottoms, diversity of, 24 
Chironomua, 339 
mesotrophic, 339 

classification of, 63, 101, 339, 342 
Colorado mountain, 248, 261 
in Connecticut, 339, 343 
Danish, 8, 194, 260, 266, 316, 362, 374, 
376 

definition of, 16, 16 
depth of, 17 

dystrophic, 218, 343-346 
elevation of, 18 
English, 281 

eutrophic, 46, 141, 142, 343-346, 352, 
363 

filling of, 14 
Finnish, 359 

first-order, 57, 63, 131, 141, 168 

general diversity, 28 

German, 337, 362 

hard-water, 102 

heat budgets, 67 

in Holstein, 8 

Italian, 67 

Japanese, 62, 228 

Javanese, 62 

margins, 19 

marl, 16, 86, 308 

maturing process, 363 

medium-class, 102 

in Michigan, 12, 66, 60, 123, 180, 188, 
306, 328 

in Minnesota, 12 
in New York, 9, 343 
North American, 12, 183 
Norwegian, 359 
number of, 12 

oligotrophic, 46, 141, 142, 218, 34?- 
346, 362, 363 
origin of, 17 

and diversity, 16 
oxbow, 17 
Polar, 63 

Scandinavian, 127, 369 
Scottish, 26 

second-order, 49, 60, 57, 63, 123, 141, 
168 

size of, 17 


Lakes, soft-water, 101 
in Sumatra, 62, 228 
Swedish, 26, 316, 364, 369 
Tanytaram, 339 

temperate, 63, 64, 123, 131, 132 
in Tippecanoe Basin, 286 
third-order, 16, 63, 132, 141 
Trisaocladiita, 339 
tropical, 64 
unstratified, 339 
in Utah, 106 

in Wisconsin (aee Wisconsin lakes) 
(See alao specific names of lakes) 
Lampailia, 339 
ailiqxundeay 168 
Lancaster, 322, 328 
Landslides, 17 
Lange, 207 
Large Soda Lake, 106 
Larix association, 399 
Latent heat, of evaporation, 47 
of fusion, 46, 47 
Latitude in relation to light, 77 
Latona aetiferUy 329 
Law of minimum, Liebig’s, 346, 348 
Lead, 206 
Leboiir, 270 
LecanCy 331 . 

Leeches, 168, 160, 186 
Leeuwenhoek, Anton van, 6, 6 
‘'Le L6man,” 7 
Lemaneay 419 
Lemnay 46, 297 
minor y 298 
triaulr.ay 298, 302 
Lentic series, 13 
Lenz, 16, 316, 337 
Leptocerua ancyluay 162 
LeptoderOy 269, 274, 276 
kindtiiy 246 

Leudchthya artediy 188, 311, 312 
fwyiy 312, 313 
reighardiy 312 

Leydigia quadrangulariay 323, 329 
Liddell, 408 

Liebig’s law of minimum, 346, 348 
Light, 73, 170, 240 
absorption of, 23, 78, 80 
angle of contact, 76 
in bog lakes, 387 
and differences in latitude, 77 
and dissolved materials, 77 
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light, diurnal dififerencea in, 77 
effect of, on bacteria, 287 
effect on, of ice cover, 81 
effective, 173 

influence of, on plankton, 170, 240 
intensity of, at surface, 76 
limit of visibility, 73 
methods of measurement, 73 
moonlight, 76 
penetration of, 73, 77 
factors influencing, 76 
in ponds, 367 

quantitative determinations of, 79 
reflection of, 166 
responses to, 171 
seasonal differences in, 77 
in streams, 410 
and suspended materials, 77 
transmission of, 84 
and colors, 81-83 
ultraviolet, 170, 171, 173 
Light adaptation, 176 
Light relations, 170 

behavior and orientation, 171 
direct influences, 170 
lethal effects, 170 
photosynthesis, 172 
Light requirements, 173 
Ligumia nasvJta^ 168 
Liljeborg and Sars, 6 
Lime-producing organisms, 190 
Algae, 191 

aquatic flowering plants, 196 
bacteria, 191 
Chara, 194 
higher animals, 196 
plankton, 196 
Limestone sinks, 17 
Ldmnicythera eancti-pairieii, 329 
Limnobiology, 10 
Limnocdlantuit 274, 276 
macruris, 246 

lAmnodrihut daparedianiis, 184 
koffmeisteri, 184 
limnography, 11 
Limnology, 3 
definition, 10 
development, 6 
history, 4 

limnological Commission, 7 
limnoplankton, 226, 420 
lindeman, 360 


Linguatula, 220 
Lithosphere, 3 
Little John, Lake, 286 
Littoral fauna, 341 
LittoreUa unifioray 298 
lioyd, 6, 177, 178, 287, 298, 385 
Lobelia Dortmannay 298 
Local variations in plankters, 266 
Lochs, Scottish, 8, 26 
Locomotion, 144 
Logan, 216 
Lohman, 291 
Lota lotay 313 
Lotic series, 13 
Low-water marks, 19 
LoxodeSy 184 
roetrurriy 329 
Loxophyllurriy 184 
Lucerne, Lake, 247-249, 261 
Luksch, 78 

Lundqvist, 26, 316, 364 
Lunz Biological Station, 8 
Lymnaea reHexay 376 
LynghyOy 257, 274, 428 
martinsiana calcaria, 194 
nanoy 194 

M 

McCoy, 385 
McEwen, 171 
Macht, 199 
McLaren, 217 
McNamee, 413 
MacrobioteSy 329 
Macromiay 160 
Macroplankton, 226 
Macrostratification, 126 
Magnesium, 99, 110, 191, 196, 204 
Maloney, 248 
Mammals, 311 
aquatic, 166 
food of, 306 

Manganese, 86, 110, 205 
Manning, 175, 367 
Mare*s-tail, 297 
Margins of lakes,' 19 
Marine zoology, influence of, 5 
Marl, 26, 26, 100, 190 
Algae, 191, 192 
bacteria, 191 
CharOy 194 
concretions, 192, 193 
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Marl| higher animals, 196 
mussels, 192 
pebbles, 193 
permanent removal, 196 
plankton, 195 
plants, 195 
producing, 100, 190 
Marl lakes, 16, 85, 308 
Marl producers, 14 
Marsh, 9, 228 
Martin, 306 
Mary, Lake, 285 
Mastigophora, 153 
Mathcson, 181, 209 
May flics, attachment disk, 158, 159 
benthos, seasonal change, 335 
burrowing, 160 
distribution, 326 
nymphs, 149 

oxygen consumption, in ponds, 415 
in streams, 415 
plankton, 224 
protection against silt, 178 
in rapids, 152, 153, 157 
Mediterranean Sea, light penetration, 73, 
78, 79 

Medium-class lakes, 102 
Meloche, 201 
Melosiray 237, 257, 421 
Mendota, Lake, amino acids, 113 
bacteria, 281, 283, 285-287, 289-292 
benthos, 320 
bottom deposits, 135 
fermentation of, 99 
gases in, 103, 104, 136 
bottom heat budgets, 72 
forms of nitrogen, 107, 108, 111, 112 
heat exchanges, 71 
hydrogen-ion concentration, 120 
larger plants, 301, 302, 316 
organisms in oxygenless region, 184 
plankton, 208, 257, 272, 274-276 
silica and diatoms, 201 
summer standing crop, 350, 351 
Merismopediat 331 
Mesolimnion, 59 
Mesoplankton, 226 
Mesothermy, 63 
Mesoveliidae, 164 
Metabolism, 167 
Metalimnion, 59 


Metazoa, food of, 267 
relation to bacteria, 291 
Meteorology, 10 
Methane, 103, 104, 136, 197 
Metoplankton, 226 
MetopuSf 184 
Meyer, 175 

Michigan Fish Commission, 9 
Michigan, Lake, 9, 18 
amino acids, 113 
benthos, 328, 330 
dissolved organic nitrogen, 112 
ponds near, 368, 369 
profundal animals, 142 
smelt, 171 
thcrmocline, 61 
tides, 40 

total dissolved solids, 106 

whitefishes, 313 

(<8e;e also Great Lakes) 

Michigan lakes, 12, 55, 60, 123, 180, 188, 
305, 328 

Micrococcus rhenanuSy 421 
Microcrustacea, 6 
Microcystis y 237, 257, 274, 275 
in bog lakes, 395 
Microcystis aeruginosoy 162, 261 
flos-aquaCy 261 
Microplankton, 226 
Microscope, invention of, 5 
Mitrospira danubicay 421 
Microstomuniy 329 
Microstratification theory, 126 
Migration, of environments, 13, 433 
of stream animals, 417 
Miller, 173, 203, 204 
Milner, 8 
Minder, 285, 286 
Mink, 311 
Mink Lake, 194 

Mississippi River, 176, 202, 405, 421, 422, 
427 

Moffett, 158, 334, 417 
Molannaj 159 
angustaUiy 152 

Molar agents, 43, 44, 162, 178 
in bog lakes, 386, 409 
in streams, 416 
Molds in water, 292 
Mollusca, 221 
absence of, 396 
benthos, 326 
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Mollusca, dissemination of, 161 
food of, 441 

in profundal regions, 184 
temporary anaerobiosis, 186 
Monaco, 74, 79 
Afonos, 184 

Monona, Lake, 108, 374-376 

Moon, 334 

Moonlight, 76 

Moor, 382 

Moore, B., 207, 208 

Moore, E., 305 

Moore, G. M., 184, 324, 328, 329, 338 
Moore, W. G., 188 
Moose, 306 
Moosehead Lake, 106 
Morphometry, 33 
Mosquito larvae, 164, 181 
space requirements, 397 
Mosses, aquatic, 300 
Mountain streams, 410, 416, 420, 422 
Movements, of plankton, causes, 250 
character, 249 
common examples, 245 
diurnal, 234 
influence of age on, 248 
seasonal differences, 247 
speed, 247 
types, 244 
of water, 37 
current demand, 157 
effect of, on motile animals, 156 
on sessile animals, 155 
relations of organisms to, 155 
resistance to, 157 
subthermocline, 56 
Moyle, 296, 303, 306, 358, 413 
Mud thermometer, 71 
Muens(;her, 296 
Miiller, Johannes, 6 
Muller, O. F., 5 
Muller, Peter Erasmus, 6 
Murray, Sir John, 4, 8 
Muaculium truncatum, 184 
rosaceumj 184 
Muskellunge Lake, 285 
Muskrat, 306, 311 
Mussels {see Clams) 

Muttkowski, 15, 184, 316, 320, 413 
M yriophyllunij 297, 298 
calcium carbonate in, 195 
chemical analysis, 304 


Myriophyllunij food value, 306 
weight, 303 
zonation, 299 

Myriophyllum veHidllatumy 297, 302 
Mysts relicta, 310 
diurnal migration, 310 

N 

Naididae, 225, 306, 325, 329 
Najas, 298-300, 303 
flextliSf 302, 304 
Nakajima, 208 

Nannoplankton, 226, 254, 276 
Natural history, 3 
Naucoridae, 146, 166 
Naumann, 268, 316 
Nauplii, diurnal movements, 247, 248 
food of, 270 
microbenthos, 324, 329 
plankton, 243, 257 
Nebish, Lake, 350, 351 
NecturuSf 311 

Needham, J. G., 6, 9, 159, 177, 178, 298, 
385, 416 

Needham, P. R., 435 
Neel, 324, 331, 332 
Nees, 360 

Nekton, 221, 310, 431 
Nelson, 306 
NelumhOy 299 
Nemato<ies, 220 
benthos, 321, 324, 329, 338 
periphyton, 333 
plankton, 225 
in profundal regions, 184 
in psammolittoral zone, 331 
temporary anaerobiosis, 186 
Nematomorpha, 220 
Nemertea, 220, 225 
Ncmi, Lake, 265 
NemopanthuSf 399 
Nepeta he<leracea, 297 
Net plankton, 6, 226, 254, 276 
Netschaeft, 287 
Ncuston, 164, 221 ' 

Neutrality, 103, 115-117 
Niacin, 216 
Nichols, 195, 383 

Nipigon, I^ke, 312, 321, 323, 324, 326, 
356 

Nitellaf 300 
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Nitrates, 107, 108, 199, 207, 283 
in North S^, 108 
Nitrification, photochemical, 175 
Nitrites, 199, 207, 283 
Nitrogen, 104, IC^, 136, 198 
amino. 111, 112 
in bog lakes, 353 
inorganic, 107, 108, 199 
organic, 107, 108, 111, 112 
plankton, 107, 108 
soluble, 107, 108 
Nitrogen>carbon ratio, 113 
Nitrogen compounds, 107, 199 
Nitrogen cycle, 291 
Nitrogen fixation, 207 
Nitrogen-phosphorus ratio, 203 
North American lakes, 12, 183 
NotholcOf 269 
Umgiajnnaf 237, 268 
North Sea, nitrate in, 108 
Notoncctidae, 151 
Nuphar, 299, 303, 398 
Nutritive substances, 341 
Nymphaea, 195, 299, 303, 398 
Nymphaea association, 399 

O 

Oceanography, 3, 4, 6 
OecestiSf 339 

Okoboji, Lake, 36, 66, 68 
Old, M. C., 155 

Oligochaeta, in benthos, 324, 326 
as mechanical support, 306 
penetration of bottom })y, 160 
periphyton, 333 
in profundal regions, 184 
psammolittoral, 331 

Oligotrophic lakes, 141, 142, 268, 343-346 
characteristics, 344 
plankton, 356 
redox potential, 218 
succession, 352, 353 
surface tension, 46 
Oneida Lake, 320, 323, 333 
Ontario, Lake, 18, 61, 312, 328 
{See also Great Lakes) 

OocystiSf 258 
Ore Lake, 194, 195 
Oiiganic carbon, 112 
Organic matter. 111, 257, 258, 276 
decomposition of, 96, 99 


Organic matter, dissolved, 110, 113, 205, 
278 

as index of productivity, 357 
in water, 357 
Organisms, 155 
benthic, 222 
classifications, 221 
distribution, 161 
effect of carbon dioxide on, 189 
food requirement, 167 
in inland waters, 219 
lime-producing, 190 
limnetic, 222 
littoral, 222 
motile, 144 
nonmotile, 143 
in oxygenless regions, 183 
pelagic, 222 
plankton, 223 
Oscillation period, 41 
OeciHatoria^ 163 
Ostracoda, 165, 323, 324, 329 
Ostwald, 88, 264 
Otter, 311 
Overturns, 40 
complete, 125 

fall (autumn), 50, 59, 130, 185, 259, 335 
incomplete, 52, 124 
partial, 52 

spring, 49, 50, 123, 185, 259, 335 
Oxidation-reduction potentials, 217 
Oxygen, atomic, 186 
dissolved, 94, 123, 124, 165, 212 
automatic release, 96 
biological relation of, 180 
in bog lakes, 388 
chemical transformations, 185 
consumption, rate of, 183 
in streams and ponds, 415 
declining, 182 
decomposition of, 96 
diffusion of, 94 
effects of insufficient, 187 
migration of organisms, 187 
onset of diseases, 188 
suffocation under ice cover, 188 
summer- and winter-kill, 188 
excess of, 180 
exhaustion of, 411 
and fungi, 293 
and iron, 97 
minimum, 181 
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Oxygen, dissolved, normal requirements, 
181 

and other gases, 96 
in ponds, 368, 369, 377 
production zones, 95 
reduction of, 95 
relation of, to plants, 95 
to water agitation, 94 
resistance to absence of, 183, 184, 
187 

and respiration, 96 
salinity, 98 
solubility, 98 
sources, 94, 95, 180, 185 
storage, 185 

in subterranean water, 97 
and temperature relation, 98 
Oxygen pulse, 95 

P 

Paramecium, 163, 184 
Paranema, 184 
Parmenter, 61 
Parnidae, 153 
Parsons, 148 
Partial overturn, 52 
Pearsall, 255 

Pearse, 179, 182, 313, 413, 432, 433 
Peat, 27 
fibrous, 26 
pulpy, 26 

Peat bogs, 345, 382 
European, 85 

Peat deposits, 382, 383, 391 
classifications, 382, 383 
Peat formation, 400 
PectinatelUt, 143 
Pediaetrum, 331, 421 
Pelecypoda, 326 
Pelmatohydra, 329, 333 
Pelomyxa paluetris, 184 
viUosa, 184 

Penetration of light, 77 
Atlantic Ocean, 79 
factors influencing, 76 
through ice, 81 
Mediterranean Sea, 79 
natural waters, 78 
pure water, 77 

quantitative determinations, 78 
selective absorption, 80 
Ptennak, 247, 248, 261, 270, 324, 330, 422 


Pennington, 270 
Pentagmia, 160 
Pentelow, 411 
Pentosans, 276 
Perfiliew, 341 
Peridinium, 270 
Periphyton, 319, 324, 332, 333 
Petersen, 78, 370>872, 376 
Peterson, W., 99, 104, 107, 108, 111-113, 
135, 136, 289 
Petrov, 208 
Philip, 121 
Phillips, 216, 217 
Philodina, 1^ 

Phormidium tenax, 194 
Phosphorus, 109, 201, 259 
calcium phosphate, 109 
losses, 109 
organic, 109 
restoration, 202 
soluble, 109 
total, 109 

Phosphorus cycle, 109 
Photoelectric cell, 75 
Photographic methods, 74, 78, 79 
Photosynthesis, 172, 189 
under ice cover, 100, 131 
light requirements, 173 
relation of, to carbon dioxide, 100 
to dissolved oxygen, 95 
Photosynthetic zone, 139 
Phototropism, 252 
Phragmites, 298, 305 
Phycomycetes, 164, 293 
Physical conditions, 33 
in bog lakes, 386 
influence of, 139 
in ponds, 366 
in streams, 406 
Physics, 10 

Physiological rhythm, 252 
Phytoplankton, 225, 309, 350 
distribution of, 237 
green and non-green food of, 267 
Picea association, 399 
Pickerel weeds, 299 
Pietenpol, 80 
Pionocypria oheea, 329 
Pirsch, 166 
Piaidium, 184, 330 
compreaaum, 184 
idahoenae, 184 
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Planaria, 153, 165 
food of, 441 

movements in streams, 417 
Plankters, 223 
diurnal movements, 243 
euplankters, 393 
facultative, 393 
local variations in, 266 
occasional, 224 
tychoplankters, 393 
Plankton, 161, 221-223 
adventitious, 225 
allogenetic, 226 
animals in, 223 
annua] crop, 272 
annual overturn, 272 
autogenetic, 226 
in Baltic, 273 
bloom of, 46 
body-form changes, 261 
in bog lakes, 393, 395 
in bottom materials, 25 
Caledonian, 273 
chemical composition, 273 
classification, 225 
concentration zones, 239 
cosmopolitanism of, 227, 394 
depression individuality of, 239 
discovery of, 6 
distribution of, 226 
horizontal, 231 
seasonal, 253 

in bog-lake types, 395 
vertical, 235, 236, 239 
diurnal movements, 234, 243 
drifts of, 85, 232 
effect on, of currents, 234 
of inflowing streams, 233 
of shoreline irregularities, 233 
of turbulence, 162 
flowage areas, 234 
food of, 240, 267, 270 
history of, seasonal, 255 
in Illinois Uiver, 405, 423, 425 
influence of, on water, 279 
influence on, of age, 243 
of depth of water, 233 
of dissolved gases, 241 
of gravity, 242 
of temperature, 241 
irregularity in, causes of, 232 
wind action, 232, 241 


Plankton, lack of uniformity in, 231 
lake, in streams, fate of, 428 
latitudinal differences, 226 
and light, 240 
limnological role of, 275 
maxima and minima, 254, 255, 257, 
259, 260, 426 
migration of, 171 
nannoplankton, 226, 254, 276 
net, 208, 254, 276 
nitrogen-carbon ratio, 113 
nitrogen-fixing, 198 
organic matter in, 208 
organisms composing, 223 
origin of, 229 
in streams, 427 
periphyton, 319 

phytoplankton (see Phytoplankton) 
in ponds, 373 
and predators, 234 
jjroductivity of, 272 
qualitative anti quantitative relations 
of, 253 

relation of, to benthos, 325 

to c.hemical and physical stratifica- 
tion, 238 

to phosphorus, 202 
similarities in bog-lake types, 394 
standing crop of, 272 
in streams, 420, 425 
decrease of, 429 
total, 254 

total volume of, 253 
in types of lakes, 344 
in undertow, 234 
zooplankton (see Zooplankton) 
Plankton carbon, 112 
Plankton Crustacea, 28 
Plankton nitrogem, 107, 108 , 

Plankton pulses, 256 
Plankton swarms, 234 
Planktont, 223a. 

Plants, 14, 219, 223, 296 
alkaline- or sulfate-water, 303 
alterations of bottom, 306 
in bog lakes, 398 
breeding places, 306 
character of, 296 

chemical composition of, 301, 304 
classification of, 297 
in competition with plankton, 308 
depth limitations, 300 
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Plants, distribution in different waters, 
303 

emergent, 297, 299 
floating, 165, 297, 299 
flowering, 224 

as food for animals, 305, 306 
hard-water flora, 303 
larger aquatic, 14 
limnological role of, 303 
marl, 195 

as mechanical support, 306 
in ponds, 373 
pondweed zone, 310 
productivity, 307 
quantities produced, 301 
seasonal relations, 300 
soft-water flora, 303 
Bt&ndilig crop, 301 
submerged, 297, 299, 308 
rooted, 356 

turbidity, relation to, 307 
utilization of nonliving matter by, 304 
zonation, 299 

Platyhclminthes, 220, 224, 321 
Plecoptera, 414 

Pleurocera-Lampsilis community, 339 
Pleuston, 165, 221 
Plew, 247, 248 
Ploeaoma truncaturriy 247 
Plon biological station, 7 
Podhradsky, 208 
Poikilothermous animals, 166 
Poikilothermy, 53 
Polar lakes, 63 
Pollen, 225 
deposits of, 28 
Pollock, 194, 195 
Polyarthray 237, 269 

trigla (platyptera)y 229, 268, 421 
Polygonum amphibiuMy 299 
PolyphemuSy 246, 269 
Polyzoa (see Bryozoa) 

Ponding, 414 
Ponds, 13, 15, 365 
aestival, 366 
animals, 377 
beach, 380 

biological conditions, 373 
Cfeara-cat-tail, 370-372, 376 
chemical conditions, 368 
classes of, 360 
copepods, 378 


Ponds, correlations and limiting factors, 
380 

Cyclops, 378 
definition of, 16, 365 
in Denmark, 371, 374-376 
depth, 371 

dissolved gases, 368, 369, 371, 377 
dissolved solids, 370 
electrolytes, 372 
English, 372 

faunal characteristics, 375 
faunal variations, 376 
fishes, 360, 361, 381 
flatworms, 378 

hydrogen-ion concentration, 371, 372, 
377 

light in, 367 

maximum abundance, 377 
phosphorus, 381 
physical conditions, 366 
plankton, 373 
plant growths, 373 
productivity, 380, 381 
salamanders, 378 
seasonal changes, 377 
succession, ecological, 377 
seasonal, 376 
temperature, 366, 371 
turbidity, 367 
vernal, 366 
vernal-autumnal, 366 
water movements, 366 
Pondweeds, 297-299 
Pontederia, 299 
Pontoporeia, 330 
hoyiy 310 
Poole, 75 
Porifera, 220 

Potanwgetony 195, 298, 299, 302, 304, 305, 
398 

aniphifoliuSy 302, 303 
foliosuSy 303 
gramvmuAy 303 
lucenSy 302 
notons, 299, 303 
pectinatuSy 302, 303 
Richardsoniiy 302, 303 
zosterifoliitSy 302, 303 
Potamogeton association, 399 
Potamoplankton, 226, 421 
Potassium, 110, 205 
Powers, 187, 190, 197, 214, 215 
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Predators, 234 
Prescott, 231, 343 
Pressure, 34, 142 
effect on viscosity, 37 
Producing class, 206, 345, 350 
Productive volume, 125, 141 
Productivity, biological, 10, 23, 109, 123, 
139, 175, 191, 340 
average depth and, 355 
in bog lakes, 392, 401 
bottom fauna, 357 
and chlorophyll content, 357 
circulation of food materials, 340- 
342 

classification of lakes by, 342 
depth and area relations to, 361 
in dystrophic lakes, 343, 344, 345 
dystrophication, 354 
in eutrophic lakes, 343-346 
eutrophication, 352 
indices of, 355, 357 
in oligotrophic-type lakes, 343-346 
organic content of water, 357 
plankton, 272, 356 
in ponds, 380 

rooted submerged vegetation, 356 
standing crop, 349 
summer, 349, 351 
in streams, 426, 435 
Prorodon^ 184 

Proaopium cylindraceum quadrilateralSf 
212 

Protein, crude, 276 
ProterUheSt 322, 327 
choreuSf 184 
cvliciformiSf 184 
Proteocephalua, 359 
Protophyta, food, 291 
relation to bacteria, 291 
Protozoa, 220, 221, 229 
anaerobiosis, temporary, 186 
bacteria, 291 
in bog lakes, 394 
distribution of, 228 
in fiocculi, 179 
food of, 267, 291 
in mat-impounded water, 397 
microbenthos, 323, 324 
plankton, 223, 227, 271 
plankton feeders, relation to, 441 
in ponds, 374, 375, 379 
in oxygenless regions, 184 


Protozoa, in psammolittoral zone, 332 
in streams, 421, 422, 426 
use of dissolved organic matter by, 206, 
209 

Psammolittoral zone, 318 
biota, 330 
eupsammon, 318 

horizontal and vertical distribution of 
organisms, 331 
hydropsammon, 318 
hygropsammon, 318 
PaepkenuSj 152 
Pseudoplankton, 226 
Pteridophyta, 220 
Ptolemy, 4 
Pulses, plankton, 256 
oxygen, 388 
Putter, 206, 208 
“Pyramid of aquatic life,” 350 
Pyrlimnometer, 75 

R 

RanunculvSf 303 
(tquatiliaf 302 

Rapids association, 157, 183 
Rauson, 208 

Rawson, 227, 324, 326, 332, 356-358, 361, 
362 

Raymond, 308 
Redox, 217, 218 
Reed, 372 
Reeds, 299 

Reighard, 8, 9, 192, 193, 313, 358 
Reinhard, 421, 422, 426, 427 
Reptiles, 311 

Reserve pH, 122, 212, 214 
Resistance, environmental, 348 
ponds, 381 
streams, 442 
Respiration, 165, 177 
anaerobic, 186 
intramolecular, 185 
Respiration hazards, 180 
Restocking of streams, 417 
Returning currents, 38, 39 
Rhabdocoels, 324, 329 
Rheology, 10 
Rheoplankton, 226 
Rhithrogena^ 152 
Rhizopoda, 258, 331 
Rhynchotalona fcUcataf 323 
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Bice, 804 

RichardaooL, 423, 429, 436, 437, 440, 441 
Richter, 59 
Ricker, 201, 413 
Rickett, 300-^2 
Bigg, 383, 398 
Riley, 202, 367 
Rithrogena^ 159 
doddai, 151 
Rivers, 13, 436 
Amazon, 427 

hydrogen-ion concentration in, 413 
i^nsas, 410 

Illinois, 9, 308, 405, 420, 421, 423, 425, 
429, 436, 437, 440, 441, 445 
Mississippi, 176, 202, 405, 421, 422, 427 
Missouri, 73, 410 
Rock, 430 

Sangamon, 420, 424, 430 
San Joaquin, 421 
turbidity of, 410 
Rivulariaf 196, 325 
Rodhe, 200, 202 
Roelofs, 26, 356 
Rogers, 217 
Rolling coefficient, 44 
Rorippa (Radicula), 303 
Rose, 250 
Rotaria, 329 
rotatoria^ 184 
tridensy 184 
Rotatoria, 220 
in bog lakes, 294 
depression individuality of, 239 
distribution, 228 
diurnal movements, 347 
as '‘eaters'’ in plankton, 208 
food of, 268 

in mat-impounded water, 397 
microbenthos, 323, 324, 329 
in mountain streams, 423 
in oxygenless regions, 184 
periphyton, 325, 333 
plankton, 223, 257, 309 
in ponds, 379 

in psammolittoral zone, 331, 332 
seasonal change of body form, 363, 366 
streamline form, 153 
in streams, 421, 422, 426 
support by plants, 306 
Rudolph, Lake, 62 
Running-water series, 13, 161 


Russell, 250, 278 
Ruttner, 62, 183, 228 
Rylov, 279 

S 

SagiUariay 299 
teresy 297, 298 
St. Clair, Lake, 9 
Salamanders, 378 
Salmon, 169 
Sand, floating, 45 
Sandspit beach pools, 22 
Sandstrom, 43, 44 
Sandusky Bay, 27 
Sangamon River, 420, 424, 430 
SaprolegniOy 292, 293 
Saprolegnia disease, 292 
Saprophytes, 293 
Saproplankton, 225 
Sarasin, 78 
Sarcina alha, 421 
Scenedesmtiay 258, 331, 421 
Schizothrix fasciculaiay 194 
Schneeberger, 380 
Schroder’s law, 424 
Schuette, 302, 304 
Schiitt, 427 
Scirpusy 303, 305, 333 
subterminaliSy 393 
validusy 299, 302 
Scott, 67, 133, 285, 377 
Scottish lochs, 8, 26 
Seals, 311 
Secchi, 73 

Secchi’s disk, 73, 74, 81 
Sedges, 299 
Sediments, 14 
Seiches, 40 
amplitude of, 41 
binodal, 42 
causes of, 41 
dicrotic, 42 
in Great Lakes, 41 
in Lake Erie, 41-43 ^ 
in Lake Geneva, 41 
longitudinal, 42 
period of oscillation, 41 
formula for computing, 41, 42 
plurinodal, 42 
subsurface, 43, 44, 163 
temperature, 56 
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Seiches, transverse, 42 
imiuodal, 42 
Selection biota, 395 
Seneca, Lake, 18 
Sessile animals, 155 
Seston, 221 
Setlow, 216, 278 
Settling rate in pure water, 88 
Sevier, Lake, 106 
Shearing plane, 40 

Shelford, 3, 75, 78, 172, 213, 214, 227, 311, 
328, 339, 347, 352, 368-370, 377, 378, 
413, 424, 431, 432, 434 
Shore building, 20, 21, 23 
Shore cutting, 20 
Shore dynamics, 19 
Shoreline, 139 
effec.t of, on plankton, 233 
modification of, 23 
Shoup, 413 
Sialis, 335 
Silicon, 108, 200 
Silt, 36 

erosion in streams, 418 
protection against, 1 78 
Simcoe, Lake, 324, 326, 332, 362 
Simony, 7 

Simulium, 152, 157, 159, 177, 183, 414, 
415 

Sinking velocity, 88 

Smelt, 156, 171 

Smith, S. I., 8 

Smith, F., 322 

Smith, G. M., 204, 219, 273 

Smith, L. L., 413 

Snails, 160, 165, 225, 321, 335, 375 

Sneezeweed, 297 

Snow, 281, 283-285 

Soap Lake, 108 

Sodium, 110, 204 

Soft-water lakes, 101 

Solar-radiation transmission, 70, 78, ^ 

Solubility of gases, 93 

Sorensen, 114, 116 

Sparganium, 299 

Specific-gravity reduction, 144 

Specific heat of water, 46, 47 

Spermatophyta, 220, 296 

Sphaeridae, 321, 328, 337 

SphaerocyatiSf 258 

Sphagnum, 119, 121, 385, 392, 393, 397 
Spiders, 164 


Spleth, 133 

Spirodeh polyrrhiza, 298 
SpiroaUmum, 184 
ambiguum, 184, 329 

Sponges, fresh-water, 143, 155, 201, 306, 
321, 335 

Spongilla lacuatria, 155 
Spring circulation, 49 
Spring overturn, 49, 50, 123, 185, 259, 335 
Sprungschicht, 59 
Stagnation period, summer, 59, 124 
winter, 60, 130 
Standing-water series, 13 
Standing wave, 41 
Static series, 13 
Statoblasts, 161 

Stauraatrum, 237, 257, 270, 395 
Stenothermic animals, 168 
Stentor, 184 
coeruleua, 184, 329 
polymorphus, 329 
Stephanodiacua, 257, 258, 421 
aatraea, 258 
Stephens, 391 
Steuer, 88, 421 
Stevenson, 38 
Stiles, 205 
Stimson, 8 

St<okcs formula, 87, 88 
Stone-fly nymphs, 152 
Stratification, chemical, 134 
inverse, 61 
thermal, 7, 49, 134 
Stratiotea aloidea, 298 
Stratomyiidae, 196 
Streamline form, 147, 157 
inorganic manifestations of, 154 
prevalence of, 151 
principle of, 149 
Streamline theory, 147 
Streams, Algae in, 419 
biological conditions, 414 
in Colorado, 416, 422 
Colorado and Rio Grande, 413 
current, 415, 416 
drift biota, 417 
dissolved gases, 411 
dissolved solids, 411 
hydrogen-ion concentration, 413 
in Illinois, 413 

Illinois River, 9, 308, 405, 420, 421, 
423, 425 
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Streams, inflowing, 238 
Lake Superior watershed, 413 
larger plants, 418 
linear distribution of Ashes, 431 
in Michigan, 405, 413, 417 
Mississippi drainage, 413, 418 
Mississippi River, 421, 422, 428 
mountain streams, 410, 416, 420, 422 
natural restocking of, 417 
in Nebraska, 413 
in New York, 435 
Ohio drainage, 418 
in Ontario, 413 
plankton in, 419, 421, 428 
productivity, 435 

Puget Sound and Columbia River, 413 
Rocky Mountain, 422 
sluggish-water type, 432 
swift-water type, 432 
temperature of, 409 
temporary and headwater, 431 
Tennessee drainage, 413, 418 
torrential, 152, 153 
turbidity of, 410 
types of, 432 

in United States and Southern Canada, 
413 

in Utah, 417 
in Virginia, 413 

Str^m, 287, 345, 346, 352, 354, 358, 359 
Stromsten, 39, 66 

Submerged depression individuality, 58, 
132 

Subsurface seiches, 43, 44, 163 
Subsurface waves, 43, 163 
Subterranean waters, 12 
carbon-dioxide relations, 98 
nitrogen content, 105 
oxygon relations, 97 
relation to carbonates, 99 
Subthermocline movements, 57 
Suhularia aquaticaj 298 
Succession, ecological, 352 
bog lakes, 388 
X)ondB, 377, 378 
streams, 433 
Sucking disks, 158, 159 
Sulfur, 110, 205 
Sulfur dioxide, 105 
Summer heat income, 65 
Summer-kill, 188 

Summer stagnation period, 59, 124 


Superior, Lake of, 34 
depth, 18 

dissolved solids, 106 
hydra, 142 
size, 17 

thermocline, 61 
(See also Great Lakes) 

Support by surface Aim, 164 
Supraneuston, 164, 221 
Surf, 38 

Surface breathers, elimination of, 418 
Surface film of water, 44, 165 
Surface-film hazards, 166 
Surface-film relations, 164 
light reflection, 166 
respiration, 165 
support, 164 

Surface tension, 45, 46, 164 
<leprcssion of, 46 
Suspended materials, 87, 129 
effect on, of overturns, 90 
of stratification, 89 
effects of, on density, 36, 124 
and light relations, 77 
nonsettling, 91 
rate of settling, 88 
settling, 88, 179 

Sverdrup, Johnson, and Fleming, 38, 43, 
64, 201 

Swamps, 13, 15 
Swarms, plankton, 234 
Synchaeta, 268, 269, 421 
Synedra, 171, 421 

T 

Tahellaria, 237, 257, 270 
Tahoe, Lake, 18, 106 
Tanganyika, Lake, 204 
TanytarsuSf 339, 344 

Tardigrada, 220, 225, 323, 324, 331, 332 
Taylor, 281, 289 

Temperate lakes, 63, 64, 123, 131, 132 
Temperature, 46, 366 
of bog lakes, 386 
of bottom deposits,^ 72 
of bottom water, 49, 61 
decline of, in thermocline, 53 
effect of, on bacteria, 287 
on plankton, 241 
effect of density on, 35 
effects of extremes of, 169 
homothermous, 49 
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Temperature, influence of, on develop- 
ment and metabolism, 167 
optimiun, 168 
of ponds, 366, 371 
recognition of, 169 
relation of, to solubility, 93, 101 
of streams, 409 
toleration of,- 168 
and turbidity, 176 
and viscosity, 36 

Temperature-inversion phenomenon, 63 
Temperature relations, 166 
Temperature seiche, 56 
Terrace, ice-push, 24 
Tetraspora, 419 
Thermal conductivity, 47 
Thermal relations of ice, 48 
Thermal resistance, 49, 50, 68, 69 
Thermal stratiflcation, 7, 15, 49-51, 58 
absence of, 57 
diminutive, 57 
modifications of, 57, 63 
terminology, 58 
in tropical lakee, 62 
Thermocline, 40, 44, 50-53, 59, 128 
in Atlantic Ocean, 62 
Birge’s rule, 53 
in English Channel, 62 
formation, 54 
general position, 55 
in Lake Erie, 61 
season change, 54 
secondary, 55 
surface, 57 
in tropical lakes, 62 
vertical oscillations, 56 
Thiamin, 216 

Thienemann, 16, 316, 347, 354-356 
Third Sister Lake, 27, 317, 327, 336 
Thompson, 436 
Thomson, 4 
Thorpe, 146, 165 
Thuja association, 399 
Thurston, 148 
Tides, 40 

Tippecanoe Basin lakes, 285 
Toleration, law of, 347 
for temperature, 168 
TcIypothriXf 195 
tenuis, 194 
IVace dements, 205 
Transeau, 370 


Transition sone, 59 

Transmission of solar radiation, 70, 84 
Transparency of water, 81 
Tressler, 248 
Triarthra (see Filinia) 

Trichoptera, 326 
Tricorythus explicatus, 178 
Triglopsia thompsoni, 311 
Tripton, 222 
Trissodadius, 339 
Trophic dynamics, 350 
Tropical lakes, 64 

thermal stratification in, 62 
Trout, 149, 216, 217, 344 
brook, 275 
lake, 313 

Trout Lake, 285, 290 
Tryptophane, 113, 208 
Tuhifex, 184 

Tubificidae, 160, 322, 326, 330, 335, 337 
food of, 441 

Turbellaria, 225, 324, 331, 378 
Turbidity, 87, 176 
of bog lakes, 387 
density-viscosity relation, 89 
effect of, on distribution of organisms, 
179 

on plankton, 91, 176 
on temperature, 176 
effect on, of spring thaw, 90 
food relations, 176 
irregularities, 91 
light reduction, 176 
of ponds, 367 

protection against, 177, 178 
of streams, 410 
toleration of, 177 
wind-blown material, 91 
winter stagnation, 90 
Turbulence, effects of, 162 
fragmentation, 163 
Turkey Lake, 9 
Turtle Lake, 113 
Twenhofd, 27 
Twomey, 227 
Tychoplankters, 358 
Typha, 299 
lyrosine, 113, 208 

U 

Uhler, 306 
Ulathrix, 422 
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Underground water, 12 
Undertow, 38 
Undertow currents, 38 
U.S. Bureau of Fisheries, 9 
Uranema, 184 
Utrievlaria, 298, 393 

V 

Valence, ecological, 348 
VaUUneria, 195, 297, 299, 303, 304 
americana, 301, 302, 306 
Van Oye, 429 
Varves, 27 
Veatch, 26 

Vegetation, in bog lakes, 392 
in i)ond8, 373 
rooted submerged, 356 
in streams, 418 

Vegetation beds, oxygen relations of, 95 
VeUidae, 164, 221 
Vertebrata, 225 
Vertical currents, 38 
Vertical distribution of plankton, 235, 
236 

conditions influencing, 239 
Verrill, 8 

Victoria Nyanza, Lake, 62, 246, 251 
Vincent Lake, 120 
Viscosity, 36, 69, 143, 265 
effect on, of pressure, 37 
of temperature, 36 
Vitamins, 216, 278, 306 
biotin, 216 
niacin, 216, 278 
thiamin, 216, 278 
vitamin A, 278 
Volcano craters, 17 
Volume, relations of, to surface, 145 
Volvox, 274, 275 

W 

Waksman, 391 
Ward, 8, 9, 169 
Washbourn, 415 
Water, acidity, 103 
alkalinity, 103 
buoyancy, 37 
color, 84 

compressibility, 34 
density, 34 
elasticity, 34 


Water, homothermous, 49 
incompressibility, 143 
light penetration, 77 
mobility, 36 

movements (see Water movements) 
neutrality, 103 
physical features, 33 
pressure, 33 

resistance to movement, 157 
subterranean, 12 
viscosity, 36, 265 
waves, 37 

Water buttercups, 297 
Water hyacinth, 307 
Water lilies, 297, 209 
Water lobelia, 298 
Water milfoil, 297, 298, 299 
Water mites, 225, 323, 324, 327 
Water movements, 37 
in bog lakes, 386 
effect on, of depth, 39 
of wind velocity, 39 
fragmentation effects of, 162 
indirect effects of, 163 
influence of, on construction activities, 
161 

in ponds, 366 
resistance to, 157, 160 
in streams, 406 
velocities of, in conduit, 407 
in stream, 408 
Water parsnip, 297 
Water smartweed, 299 
Water starworts, 297, 298 
Water weeds, 200, 298, 299 
Waubesa, Lake, 181, 274-276 
Wave action, 14 
depth of, 38 

differences in resistance to, 158 
Waves, 37 

formula for height, 38 
oscillation, 37 
standing, 41 
subsurface, 43, 163 
of translation, 38 
Weber Lake, 285, 350, 351 
Webster, 161, 416 
Wedderbum, 59 

Welch, 33, 56, 73, 133, 343, 397, 398 
Wesenberg-Lund, 8, 176, 194, 224, 230, 
262-264, 266, 316, 325, 352, 371, 374, 
376, 395 
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Weston, 293 
Wherry, 118 

Whipple, 9, 39, 42, 63, 73, 86, 171, 282 ' 

Whitecap, 37 

Whitefish, 311-313 

Wiebe, 99, 181, 202, 214, 381, 413 

Wild rice, 299 

Wilson, F. C., 120, 287, 289 
Wilson, I. T., 27 
Wind, 67 
action of, 69 

effect of, on plankton, 232, 241 
work of, 67 

Wind-blown materials, 14, 26 
Wind-distributed heat, 65 
Windermere, Lake, 289, 334 
Winnebago, Lake, 17, 333 
Winter-kill, 188 

Winter stagnation period, 60, 130 
Wisconsin lakes, 8, 9, 71, 351 
bacteria, 281, 2^, 285, 287 
bottom deposits, composition of, 135 
temperature in, 72 
classification, 70 
color, 85 

conductivity, 123 

dissolved organic carbon, 112 

dissolved organic matter, 1 10, 208, 357 

dissolved solids, 106 

epidemics, 188 

heat gain through ice, 72 

larger aquatic plants, 301 

light penetration, 79, 80, 82-84 

nitrogen, forms of, 108 

number of, 17 


Wisconsin lakes, phosphorus, 109, 202, 
260 

plankton, 273 

psammolittoral zone, biota of, 324, 330 
surface tension, 45, 164, 165 
Wisler, 407, 408 
Wiszniewski, 318 
Wolffiu, 224, 298 
Woltereck, 8, 264, 265 
Woodburn, 407, 408 
Woodbury, 181 
Woodley, 411 
Worthington, 62, 248-252 
Wright, 36, 62 
Wu, 157, 177, 183, 416 

Y 

Yoshimiira, 62, 133 

Young, O. W., 231, 319, 325, 333 

Young, R. T., 184, 281 

Z 

Zacharias, 7 
Zannichelliaj 298 
Zinc, 205 
Zizania^ 299 
ZoBcll, 171, 175 
Zones, beach, 317 
Zooplankton, 225, 341, 350 
distribution of, 238 
Zostera, 298 
Zschokke, 8 

Zurich, Lake, 285, 286, 359 




